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The ubiquitous entomopathogenic fungus Beauveria hassiana 
(Balsamo) Vuillemin (Deuteromycotina: Hyphomycetes) has been 
extensively investigated to suppress populations of several 
insect species worldwide including the European corn borer 
Ostrinia nubilalis (Hiibner) (Lepidoptera: Pyralidae) for over 
60 years. In several studies investigating the response of 
inbred corn lines to plant pathogenic fungi, B. bassiana was 
isolated from the pith of plants. Subsequent field studies 
have shown that B. bassiana placed in or on corn plants in the 
vegetative stage persisted for greater than 90 days and 
remained virulent to O. nubilalis throughout the growing 
season. Even though these field studies demonstrated the 
potential use of this relationship, the manner in which B. 
bassiana colonizes Zea mays L. was not known. 
The following study was initiated to elucidate the 
methods of adhesion, penetration and colonization by B. 
bassiana on the corn leaf surface. Light and electron 
microscopic techniques were utilized to investigate the 
interactions between these two organisms. Understanding this 
unique relationship will be invaluable in further development 
and utilization of this fungus to manage insect pests of food 
plants. 
vi 
The adhesion and subsequent growth and penetration on 
corn leaves by B. bassiana. is very similar to the germination 
and penetration by B. bassiana on insect cuticles. After 
inoculation using a foliar spray of S. bassiana conidia, 
germinating hyphae grow randomly across the leaf surface. 
Often a germ tube fomed from a conidium and elongated only a 
short distance before terminating its growth. All developing 
hyphae on the leaf surface do not penetrate the cuticular 
surface. However, when penetration does occur, the 
penetration site{s) are randomly located across the surface. 
Apparently B. bassiana does not require specific topographic 
signals at an appropriate entry site as do some 
phytopathogenic fungi. 
Long hyphal structures were observed to follow the leaf 
apoplast in any direction from the point of penetration. In 
some cases, the hyphae were observed within xylem elements. 
Because vascular bundles are interconnected throughout the 
corn plant, this may explain the way the fungus travels within 
the plant and ultimately provides overall insecticidal 
protection. Virulence of B. bassiana after colonizing the 
corn plant was tested and it was determined that this fungus 
did not lose any virulence toward the European corn borer. 
This is the first report illustrating the mode of 
penetration by B. bassiana into Z. mays. This special 
endophytic relationship between an entomopathogenic fungus and 
vii 
a plant suggests possibilities for biological control, 
including utilization of indigenous fungal inocula as 
insecticides. 
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CHAPTER 1: INTRODUCTION 
The most important cereal crop in Iowa and a major food 
in the world is corn, Zea mays L. This world resource suffers 
severe losses resulting from insect infestation. The European 
com borer, Ostrinia nubilalis (Hiibner) (Lepidoptera: 
Pyralidae) is the most important insect pest of field corn in 
Iowa (Bergman et al., 1985). Presently, host-plant resistance 
and post-infestation treatment with chemical insecticides are 
used to suppress populations of this insect. For several 
reasons, there are times when these techniques do not provide 
necessary control of 0. nubilalis. Increased awareness and 
concerns of pesticide toxicity, especially ground water 
contamination has spurred a major research effort in 
biological control of this and other insects pests (Hallberg, 
1987; Williams et al., 1988) . 
In recent years biological control as a viable practice 
in modern agriculture and horticulture has increased 
dramatically. The reasons for this are two fold: first, a 
general increase in public awareness of the potential 
ecological hazards posed by the use of pesticides and, 
secondly, the fact that many chemicals have had their 
effectiveness greatly reduced as a result of the emergence of 
insecticide resistance in pest populations. 
The use of microorganisms in biological control, 
including fungi (Gillespie, 1988), has been the major content 
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of several reviews (Burges, 1981; Windels and Lindow, 1985) . 
Beauveria. bassiana (Balsamo) Vuillemin (Deuteromycotina: 
Hyphomycetes) has been reported as a natural control for many 
insect species world wide (Charles, 1941; Baird, 1958) and is 
perhaps the most extensively studied entomopathogenic fungus. 
In China it has been used successfully against 0. nuhilalis, 
green leaf hoppers, Nepholettix spp. and the pine cateirpillar, 
Dendrolimus punctatus (Hussey and Tins ley, 1981) . In the 
United States B. bassiana has been used successfully as a 
biological control agent against the Colorado potato beetle, 
Leptinotarsa decemlineata (Say) and codling moth, Cydia 
pomonella L. (Perron, 1981; Quinlan, 1988) . 
Until recently, research has focused on insect pest 
suppression by this fungus. In a study investigating the 
response of inbred corn lines to mycopathogenic fungi, B. 
bassiana was fortuitously isolated from the pith of corn for 
the first time (Vakili, 1990). The potential for suppression 
of O. nubilalis by S. bassiana persisting on the phylloplane 
or within the corn plant has been proposed (Lewis and 
Cossentine, 1986). Subsequently, field studies showed season-
long suppression to be correlated with the presence of B. 
bassiana in corn pith at senescence (Lewis and Bing, 19 91) . 
No research has investigated the mechanisms of this unique 
relationship between B. bassiana and Z. mays. 
Associations of plant pathogenic fungi, however, have 
been extensively investigated. Several texts have examined in 
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detail the aspects of the science of plant pathology and the 
relationship of pathogenic fungi to plants (Kolattukudy, 1985; 
Isaac, 1992) . Almost all plant pathogenic fungi 
(phytopathogens) spend part of their lives on their host 
plant(s), in the soil, or on plant residue on the soil. Once 
it became apparent, through the work of de Bairy (1867) , that 
fungi are the causes rather than the results of plant disease, 
research began to elucidate the mechanism by which fungi cause 
disease. Phytopathogenic fungi are a diverse group, large in 
variety and numbers. 
Recent work by Bing and Lewis (1991; 1992a,b) has shown 
that B. bassiana applied to whorl-stage corn by foliar 
application or injection colonized the plants, moved within 
the plants, and persisted to provide season-long suppression 
of O. nubilalis. Beauveria bassiana differs from other 
entomopathogenic fungi in that it apparently can colonize 
maize plants and possibly other green plants including 
alfalfa, millet and velvet leaf (L. Lewis, personal 
communication). 
The present study was initiated to elucidate the 
method(s) of adhesion, colonization, penetration and determine 
the mode of movement within the plant. A thorough 
understanding of this unique relationship will be invaluable 
in further development and utilization of such fungi to manage 
insect pests of food plants. This unique endophytic 
relationship between B. bassiana and Z. mays suggests 
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possibilities for biological control, including utilization of 
indigenous inocula as insecticides. Once the endophytic 
relationship is fully understood, this phenomenon may be 
significant in our efforts to better utilize B. bassiana in an 
integrated pest management system. 
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CHAPTER 2: LITERATURE REVIEW 
Fxongi as Biological Control Agents 
The majority of the fungi in the subdivision 
Deuteromycotina are saprophytes, but many are phytopathogens 
and cause physiological and/or physical damage to green 
plants. The associations between plants and fungi take many 
forms, the most common relationships represented by fungi are 
as facultative parasites and mutualistic symbionts (Pirozynski 
and Hawksworth, 1988) . A thorough analysis of interactions 
between parasitic fungi and their host plants has been 
reviewed by Luttrell (1974) and Pirozynski and Malloch (1975). 
Insect-parasitic fungi are termed entomopathogens. 
Entomogenous fungi are widely distributed and are an important 
factor in natural insect control worldwide (Chenwonogrodzky, 
1980) . The oldest records of a fungal-insect association have 
been discovered in Miocene-Oligocene amber, aged approximately 
at 25 million years (Poinar and Thomas, 1982; Poinar, 1984) . 
These fungi are believed to be ancestors to the present-day 
entomopathogenic genera Beauveria and Entomophthora. 
There are 750 species of entomopathogenic fungi 
represented in virtually every major fungal taxonomic group 
(Roberts and Humber, 1984). Fungal pathogens are found in 
insect hosts in all ecological niches (Roberts and Yendol, 
1971). The endemic nature of mycosis in insect populations 
has become better known in the past few years because of 
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developing research on entomogenous fungi (Ferron, 1578) . 
Reviews on the identification and use of entomopathogenic 
fungi as biocontrol agents were edited by Burges and Hussey 
(1971) and Burges (1981). Worldwide, a few genera of fungi 
such as Beauveria and Metarhizium, have been used as 
successful biological control agents of insects in field-crop 
situations. These fungi have been developed to control 
several insect species including Colorado potato beetle, 
Leptinotarsa decemlineata (Say) and codling moth, Cydia 
pomonella L. (Ferron, 1981; Quinlan, 1988). 
The Fungus Beauveria. bassxana (Balscuno) Vuillemin 
Introduction 
The Deuteromycotina (Fungi Imperfecti) , a conglomerate of 
artificially arranged genera, contain the majority of the 
entomogenous fungi. Nearly all deuteromycetous fungi 
attacking insects are Hyphomycetes. The genus Beauveria 
(Deuteromycotina: Hyphomycetes) was established in 1912 by 
Vuillemin, in honor of Beauverie, who, in 1911, had pointed 
out that the characteristics of this entomopathogenic group 
(order Moniliales; family Moniliaceae) warranted its 
recognition as a new genus. Until that time these fungi had 
been variously placed in the genera Botrytis, Sporotrichum, or 
Isaria (Vuillemin, 1912). MacLeod (1954) completed an 
extensive study of this genus and came to the conclusion that 
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there were, at most, only two species in the genus, B. 
bassiana and B. brongniartii (formerly B. tenella) . Using 
newly developed techniques, Fargues et al. (1974) studied the 
conidiogenous structure of different isolates of B. bassiana 
using Immunoelectrophoresis and enzyme activity analysis. Two 
strains from different hosts produced partially identical 
electrophoretic diagrams and similar enzyme activity 
indicating the same serotype. Serological techniques have 
also been used to characterize strains of B. bassiana in the 
former Soviet Union (Alyeshina et al. , 1975). Recently, Evans 
and Samson (1982) added two new species to the genus, S. 
amorpha on coleopteran adults in Brazil and B. velata on 
lepidopteran larvae from Ecuador. 
Role as an Entomopathogen 
Beauveria bassiana first received attention when it was 
identified as the causal agent of the silkworm disease 
(muscardiane de ver soie) in France in the early 19th century 
(Vuillemin, 1912) . It has since been reported as a natural 
control agent for many insect species (Charles, 1941; Baird, 
1958; McCoy et al., 1985). 
This entomopathogenic fungus is an important component in 
the corn agroecosystem. It occurs in the soil as a ubiquitous 
saprophyte and attacks many stages of diverse insect groups. 
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Beauveria. bassiana has a well-adapted soil survival phase, 
either as conidia or saprophytic mycelia (Gottwald and 
Tedders, 1984) . The massive production of dory conidia may be 
correlated with seasonal population explosions of host 
insects. The fungus survives in the soil during periods of 
low host density or unfavorable environmental conditions. 
Thus, this fungus is ideally equipped to invade disturbed 
habitats created by man's activities. Beauveria bassiana can 
also be found colonizing insect remains in the soil ecosystem 
(Brooks and Raun, 1965; Bing and Lewis, 1993) . The events 
associated with the entomopathology of host insects have been 
previously documented (Cheung and Grula, 1982) . 
Most entomogenous fungi initiate infection from a 
germinating conidium which penetrates the cuticle of an 
insect. The invasive hyphae enter the host's tissues and 
proliferate through the hemocoel. In fungi such as B. 
bassiana and Metarhizium anisopliae (Metschnikoff) Sorokin, 
"hyphal bodies" or segments of hyphae break off and circulate 
in the host's hemocoel during early stages of infection 
distributing the fungus throughout the host. After filling 
the dying or dead insect with mycelia, emergence hyphae grow 
out through the insect's integument and produce conidia on the 
external surface. These conidia are then dispersed by wind or 
rain and even by the parasitized insect during feeding or 
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mating. Some fungi are host or stage specific, while others 
(e.g. B. bassiana) exhibit a wide host range. 
Mnz^hology 
Conidiogenous cells in B. bassiana are denticulate with 
an elongated rachis generally arising in clusters from 
subtending cells. The species bassiana has subglobose to 
globose conidia with conidiogenous structures forming dense 
clusters (Reisinger and Olah, 1974; Roberts and Humber, 1981). 
MacLeod (1954) described in detail the growth and development 
of B. bassiana on solid media and insects (Table 1) . This 
classification of moi^hological stages of germination and 
growth in B. bassiana may be applied to a variety of 
investigations. 
Recent studies using electron microscopy have revealed 
the conidial surface ultrastructure of many entomopathogenic 
fungi including B. bassiana (Boucias et al., 1988) . Beauveria 
bassiana conidia possess an outer layer comprised of 
interwoven rodlets. This rodlet layer appears to be unique to 
the conidia and has not been detected on the vegetative cells. 
The rodlet layer morphology may be influenced by culture 
conditions (Hegedus et al., 1992). On solid media, conidia of 
B. bassiana possess a well-organized rodlet layer whereas 
conidia produced in broth cultures possess a layer of 
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Table 1. Classification scheme of B. bassiana 
developmental stages (MacLeod, 1954) 
Stage Description 
I Small, compact conidiospores, 2-3 (im diameter 
II Swollen conidiospores, 3-5 diameter 
III Conidia with emerging germ tvibe, less than 10 
|im length 
IV Conidia with elongating germ tube, 10-3 0 jam 
length, 2-3 fxm width and formation of first 
septum 
V Germ tube elongates to 3 0 ^m. Polar and 
bipolar growth of another germ tube and 
mycelium development 
VI Production of conidiophores bearing conidia on 
compact, globose heads either on main branches 
or on short laterals 
highly disorganized rodlets (Bidochka et al. , 1987; Thomas et 
al., 1987). 
In general this rodlet layer, resistant to various 
detergents, enzymes and solvents, serves to protect fungal 
spores against biotic and abiotic degradation. Research on 
the attachment of M. anisopliae and S. bassiana to insects has 
shown that these conidia are extremely hydrophobic, possess 
sugar-binding proteins associated with spore walls, and an 
overall net negative charge (Boucias et al., 1988) . Results 
indicate that while the rodlet layer is hydrophobic and 
capable of binding to the insect cuticle, the underlying 
layers of the conidial walls also contain hydrophobic proteins 
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which are capable of adhering to the insect cuticle (Boucias 
and Pendland, 1991) . In addition to providing chemical 
stability, this layer has been reported to protect against 
dehydration and to assist in the aerial dispersal of conidia 
(Beever and Dempsey, 1978). 
Virulence 
Beauveria bassiana is perhaps the most extensively 
studied entomogenous fungus and has been isolated worldwide 
from a variety of insects. Many of these studies occurred in 
the People's Republic of China and in Eastern Europe. In the 
former Soviet Union, B. bassiana was produced under the trade 
name Boverin* for control of the Colorado potato beetle, 
Leptinotarsa decemlineata and the codling moth, Carpocapsa 
pomonella (Perron, 1981). Beauveria bassiana has also shown 
great potential for control of the European corn borer 
[Ostinia nubilalis) (Hiibner) (Lepidoptera:Pyralidae) in France 
and the United States (Riba, 1984; Lewis and Cossentine, 1986; 
Bing and Lewis, 1992b; 1993; Lewis et al., 1996). 
Fungi are known to colonize plants usually as 
phytopathogens or symbionts. This association can be termed 
"endophytic" when both organisms benefit from the 
relationship. Significant reductions in O. nubilalis 
tunneling in corn occurred when B. bassiana was applied 
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foliarly or by injection at the whorl stage (Bing and Lewis, 
1991; Lewis and Bing, 1991). These results support other 
research indicating the potential for season-long suppression 
of 0. nubila-lis by B. bassiaxia (Lewis and Cossentine, 1986; 
Lewis and Bing, 1991) . Differences in fungal isolates, corn 
variety, environmental conditions, methodology, or a 
combination of these factors can influence the virulence of B. 
bassiana. (Paris at al., 1985) . Significant differences in 
pathogenicity have been reported (Feng et al., 1985; McCoy et 
al., 1985) and B. bassiana has been shown to colonize only 
select cultivars of corn (Vakili, 1990). Virulence of B. 
bassiana in the natural population has been determined by 
observing O. nubilalis larvae that had overwintered in crop 
residue. Greater than 95% of B. bassiana isolated from plants 
collected during the growing season and at harvest was 
pathogenic to the European corn borer (Bing and Lewis, 
1992a,b) . 
The endophytic B. bassiana used to test for virulence 
came from maize tissue (internodal and nodal) samples which 
were taken using sterile techniques (Bing and Lewis, 1992bJ 
Virulence was verified by covering early fifth-instar O. 
nubilalis with the inoculum (Bing and Lewis, 1992a), placing 
the larvae on laboratory diet (Guthrie et al., 1971), and 
incubating at 27°C, 70% relative humidity, until conidiophores 
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developed or the insects pupated. These studies showed that 
B. hassiana was consistently virulent towards 0. nubilalis. 
Physiological changes in the plant during maturation had no 
negative impact on the virulence of the fungus. 
This fungus has a future as a crop protection insecticide 
but only in certain well-defined situations where applied 
conidia are protected in an environment with favorable 
humidity (Lingg and Donaldson, 1981) . The endophytic 
relationships between B. bassiana and corn would provide the 
conditions necessary for 3. bassiana to be an effective insect 
suppressant. 
Some species of fungi rapidly lose their virulence when 
propagated on artificial media. Conversely, repeated passage 
of the fungus through a given host species often results in a 
marked increase in virulence of this agent for a particular 
host (Ignoffo et al., 1985; Pereira and Roberts, 1990). 
Fiingal Attachment:, Germination, and Penetration 
Fungal Disease Cycle 
The normal route of invasion for a fungal pathogen is 
through the external cuticular surfaces in both insects and 
plants. Plant and insect pathologists have studied the 
phenomena surrounding this invasion for many years. A 
commonality exists between these two groups in that, in most 
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cases, the invasion site is a waxy surface (Gay and Pearce, 
1984; Locke, 1984). 
Several studies have elucidated discrete steps taken by 
invading fungi during the disease cycle. These steps apply 
equally in fungal pathogens of both insects and plants. The 
following will be a brief overview of these fungal-disease 
cycles. Emphasis will be placed on the initial penetration 
processes, the most important steps for the fungal pathogen 
whether its host be an insect or plant. 
The disease cycle affecting insects and plants has been 
thoroughly reviewed by Surges (1981), Kunoh (1984) and Isaac 
(1992) . The important steps are inoculation, penetration, 
invasion, and the resultant growth, reproduction, and 
dissemination of the fungal pathogen. 
Phytopa. thogens 
Plant Surfaces 
Plants are covered by tissues which are comprised of 
several characteristic cell types and multicellular 
structures. These tissues provide a barrier between 
atmospheric conditions and the interior cell environment. 
They also constitute a barrier limiting access to potentially 
pathogenic organisms. The aerial surfaces of young plants are 
typically limited by an epidermis which is one cell thick. At 
maturity, these cells have characteristic shapes. Some cells 
differentiate in pairs, forming pores (stomata) allowing 
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gaseous exchange. Another type of epidermal differentiation 
may lead to the formation of non-secreting or secreting glands 
and trichomes. Each epideirmal cell has particular features 
which may influence infection. 
The outermost surfaces of the plant are covered with 
waxes forming a hydrophobic layer sheathing the outer cuticle. 
The cuticle is multilayered, consisting of the outermost wax 
layer followed by a wax and cutin layer, and finally a layer 
composed of cutin, cellulose, hemicellulose and pectin. 
Potential fungal invaders encounter this outer layer first and 
usually penetrate it by mechanical force (Isaac, 1992). 
However, several plant fungal pathogens produce cutinase that 
digests this thin layer (Lin and Kolattukudy, 1980). All 
epidermal cells have individual cell walls and a cuticle 
overlying them. 
Initiation of infection by a typical phytopathogenic 
fungus involves a complex sequence of events (Aist, 1981). 
Before the fungus-plant relationship can develop, several 
steps must occur during the early stages of the association. 
These steps include attachment, growth and movement of the 
fungal pathogen to appropriate infection sites, recognition of 
that site, and that a successful interaction has occurred 
between fungus and host. Entry into a plant can be through 
wounds, natural openings or by direct penetration in which the 
fungus induces physical and chemical degradation of the 
cuticle (Kolattukudy and Koller, 1983; Agrios, 1988). 
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Physical structure 
Plant cell walls are reasonably thick and a 
microfibrillar substructure can often be observed with the 
transmission electron microscope (TEM) . The microfibrils are 
cellulose which is a (l-»4)-P-linked glucosyl polymer. 
Cellulose seldom constitutes more than one-half of the dry 
weight of a cell wall and the balance is mainly complex 
carbohydrates containing a variety of sugars of which glucose, 
galactose, xylose, and mannose are the most common (Preston, 
1979). The wall structure is extremely strong, but also 
flexible, elastic, and permeable to water, inorganic ions and 
small molecules such as sucrose (Gay and Pearce, 1984) . 
The cuticle overlies the epidermis as a continuous, 
lipid-rich covering (Kolattukudy, 1980a,b; Cutler at al., 
1982) and is the first barrier to invading fungi. The 
outermost region of the cuticle is composed of wax. The 
thickness of this waxy layer is highly variable, but its 
surface can be easily observed using scanning electron 
microscopy (SEM). Chemical fixation, solvents and other 
reagents degrade the structure so the waxy surface is rarely 
discernible, unless special procedures are followed such as 
cryopreservation. 
Chemical structure 
It is clear that the chemical nature of the plant 
cuticular surface is of paramount importance in both initial 
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and siibsequent stages of adhesion. Surface waxes are the 
first siibstrates contacted by most fungal conidia. These 
waxes are secreted on the surface of the cuticle proper. This 
layer also contains waxes which are visible as plates embedded 
in it. This wax-containing cutin is referred to as cuticular 
wax to distinguish it from the epicuticular wax previously 
discussed. Cutin is a unique biopolyester composed of 
interesterified hydroxy and epoxy fatty acids. The most 
common are 16- and 18-carbon molecules. Waxes are also found 
in crystalline form on the plant surface (Gay and Pearce, 
1984) . These microcrystalline waxes may play a physical and 
possible chemical role in the interaction between fungal 
pathogens and plants. 
The structural component of the plant cuticle (cutin) is 
an insoluble polymer of hydroxy and hydroxyepoxy fatty acids 
(Kolattukudy, 1981). This hydrophobic structure covers most 
aerial parts of plants including leaves, flowers and young 
stems. Electron micrographs of the cuticle usually show an 
amorphous appearance, although lamellar cuticle is not 
uncommon (Holloway, 1982) . Cutin-degrading enzymes have been 
postulated to be involved in the interaction between patho­
genic fungi and their hosts (van den Ende and Linskens, 1974) . 
In the mid 1970's, cutinase was first isolated from the 
extracellular fluid of Fusarium solani f.sp. pisi (Purdy and 
Kolattukudy, 1975). Since then cutinase has been found in 
several fungal species including Helminthosporum sativum 
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Pammel, King & Bakke, Streptomyces scabies (Thaxt.) Wakeman & 
Henrici, Botrytis cineria Pers.:Fr., and B. bassiana 
(Kolattukudy, 1984a). Fungal cutinases are monomeric proteins 
with a molecular weight of approximately 25,000 kD. Their 
amino acid compositions are quite similar and show certain 
characteristic features (Kolattukudy, 1980b). 
Adhesion 
Deposition by impact, lodging, and other phenomena of 
physical entrapment are important aspects of the initial 
process of attachment by fungal conidia to the plant cuticle 
(Jones, 1994) . Fungi take much more active roles in 
attachment than often assumed and the process may begin with 
host contact. Attachment might best be considered to include 
all mechanisms through which fungal propagules attach to the 
host cuticle. Adhesion is not only characteristic of 
appressorial attachment but is also an important feature of 
hyphal growth. Thus adhesion may be a more suitable term to 
describe phenomena of attachment requiring either the presence 
of adhesive materials or at least a modification of the 
cuticle by the fungus. Characteristics of the plant host 
surface that mediate successful adhesion are both chemical and 
physical. 
Adhesion enables conidia, which usually germinate in 
water films, to develop without being washed from the plant 
surface. Many fungal phytopathogens are known to secrete 
extracellular materials which are believed to act as 
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adhesives. Recent reviews have been pxiblished in which 
adhesion is discussed in a wide range of phytopathogenic fungi 
(Wynn, 1981; Kolattukudy, 1985; Hoch and Staples, 1987; 
Nicholson and Epstein, 1991; Hardham, 1992) . 
Germination 
Typically spores germinate and forin short hyphal 
extensions or continue to elongate to form hyphae. Sometimes 
single hyphae growing on plant surfaces penetrate the 
epidermis without forming any specified structures. Almost 
all appressoria (Emmett and Parberry, 1975) and single hyphae 
penetrate host epidermal cells in similar fashion, by 
mechanical or enzymatic action or both, regardless of variance 
in their morphology. The majority of cytological studies on 
fungal penetration have suggested either action at the 
penetration site (Shimony and Friend, 1975; Mills at al., 
1982; Kunoh, 1984) . 
During the conidial germination process, adhesives have 
been reported to be involved with adhesion for a few 
phytopathogenic fungi. Adhesive substances have been referred 
to as mucilage, matrices, envelopes, glycoprotein matrix, 
adhesives, and binding substances (Nicholson, 1984). 
Appressoria are often defined as adhesive structures (Emmett 
and Parberry, 1975) . Adhesive material as a "mucilaginous 
substance" between the fungus and the host substrate have been 
reported using electron microscopy (Uchiyama et al., 1979; 
Hamer et al., 1988; Braun and Howard, 1994b). The presence of 
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adhesive substances are most frequently reported in 
association with appressoria (Marks et al., 1965; Emmett and 
Parberary, 1975; Wynn and Staples, 1981) . The adhesive 
material may also be important for other host-pathogen 
interactions. Adhesives, or other extracellular compounds, 
may enhance the physical contact between fungal enzymes which 
result in chemical alteration of the host surface. The 
surface of many fungal germ tubes and hyphae are ensheathed by 
a protein, or more typically, a glycoprotein/carbohydrate 
matrix (Mendgen et al., 1985; Bonfante-Fasolo and Perotto, 
1986). In some cases where fungi adhere to roots or 
nematodes, adhesion is mediated by lectin binding to specific 
haptens (Veenhuis et al., 1985). There are some recent 
studies which indicate that B. bassiana may share lectin 
binding to specific sugars with phyto-pathogenic fungi 
(Hegedus et al., 1992). 
Penetration 
The mechanism of host surface penetration by plant 
pathogenic fungi has been debated for nearly a century (van 
den Ende and Linskens, 1974; Aist, 1976) . Fungi possess a 
wide array of specialized structures used to penetrate the 
host. The simplest means of host invasion is by production of 
toxic compounds and/or enzymes by the fungus, causing the host 
cell to die (Keon et al., 1987). Many fungi, however, develop 
specialized infection structures termed appressoria, first 
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described by Frank (1883) and reviewed by Emmett and Parberry 
(1975) . 
The initiation, formation, and action of the appressoria 
are integral parts of the infection process for many phyto-
pathogenic fungi. Traditionally, only those structures 
produced on germ tubes are known as appressoria, while 
adhesion and penetration stjructures produced on hyphae have 
been described as "hyphopodia" (Emmett and Parberry, 1975) . 
Appressoria typically are differentiated hyphal apices that 
have become somewhat enlarged, and provide the fungus with the 
capacity to adhere to the host surface in preparation for 
subsequent invasion (Hoch and Staples, 1991). Many foliar 
pathogens are capable of forming appressoria at almost any 
place on the host or nonhost. Several reviews have dealt, in 
part, with such trophic responses in fungi (Emmett and 
Parbery, 1975; Wynn and Staples, 1981; Hoch and Staples, 
1987) . Appressoria, however, may not be morphologically 
distinct from hyphae (Emmett and Parberry, 1975). 
Fungal hyphae in contact with plant surfaces are required 
to enter plant cells through either intact epidermal cells, or 
openings (natural or wounds) in order to obtain nutrients for 
further growth and reproduction. Because stomata present 
direct openings to the plant interior, it may be expected that 
many fungal pathogens enter via this route. They are the main 
port of entry for pathogenic bacteria, however, most 
phytopathogenic fungi do not gain access through them. The 
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exceptions are rust uredospores and aeciospores (Uredinales), 
zoospores (Peronosporales) and others which possess orienting 
mechanisms to direct germ tube growth. As an example, many of 
the rust fungi (e.g. Uromyces appendiculatus (Pers. :Pers.) and 
Puccinia graminis tritici (Eriks. & E. Henn.) must seek and 
recognize leaf stomata, the only site that triggers fungal 
entrance. This phenomenon is termed a thigmotrophic response 
(Staples et al., 1983; Staples and Hoch, 1984). Nonstomatal 
penetrating fungal pathogens may or may not exhibit site 
preferences. Phytopathogenic fungi typically return to the 
plant surface for spore production and dispersal (Cohen and 
Rotem, 1987). 
Entomopathogens 
In terrestrial environments, fungal conidia are dispersed 
passively over substrates inhabited by host insects. Fungi 
can infect insects via several pathways including the gut 
(ingestion), through the spiracles, and through direct 
penetration of the integument. Mycelial penetration through 
the integument (the main pathway) is favored by conidia which 
have evolved both physical and enzymatic mechanisms. Upon 
contact, the conidia attach to the cuticle, produce germ tubes 
which penetrate the host cuticle, and invade the insect 
haemocoel. Within the insect, fungal elements (hyphae, 
mycelia, or protoplasts) multiply and eventually cause death. 
When the host dies, the fungus grows saprophytically and 
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spreads. Competition between the fungus and intestinal 
bacteria may occur. Some fungi, including B. bassiana, are 
known to produce toxic svibstances (beauvericin, bassianolide) 
which may kill the host (Dresner, 1950; Suzuki et al., 1977). 
Some fungi also produce antibiotics. Beauveria bassiana is 
one fungus known to produce dry phailoconidia and is currently 
being researched and developed as a microbial pesticide 
against a spectrum of insect pests (Surges, 1981; Bidochka and 
Khachatourians, 1990; Bing and Lewis, 1993). 
Structure of Insect Cuticle 
In an effective host-fungal pathogen association, a 
fungus overcomes the inherent resistance mechanisms of the 
plant. Like some phytopathogenic fungi attacking plants, 
entomopathogens can attack an insect by penetrating directly 
through the protective barriers of the integument cell walls. 
The integument may be penetrated by physical as well as 
enzymatic means. 
General terms describing insect cuticle (epi-, exo-, and 
endocuticle) arose from light microscopic observations and no 
longer correspond to the three main layers elucidated with the 
electron microscope or the two main processes involved in 
cuticle deposition (Locke, 1984) . All insect cuticles are 
variations of a basic pattern of three layers that differ in 
structure, function, and formation. 
The first layer that a fnngal pathogen encounters and 
must penetrate is the cuticulin envelope completely covering 
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the surface of an insect. The cuticulin envelope consists of 
a laminated substructure, typically characterized by several 
alternating electron-dense and electron-lucent layers (Locke, 
1984) . The next identifiable layer of the insect cuticle is 
termed the intermediate layer which is characterized by a 
dense homogenous texture without fibers or layered sub­
structure. It is mainly composed of quinone-tanned protein 
impregnated with lipids which make it lipophilic and inert. 
The previously mentioned two layers constitute the definition 
of epicuticle and are traversed by filaments of 5 to 10 nm in 
diameter which seirve as routes taken by cuticular lipids to 
reach the insect surface. 
The third and final layer consists of the fibrous 
cuticle. The bulk of the insect cuticle is composed of chitin 
fibers embedded in a protein matrix (Filshie, 1982) . These 
three cuticle layers are stabilized in various ways, but 
basically are formed from Golgi complex secretions of protein 
and plasma membrane plaques which direct the deposition and 
orientation of the layers during the tanning process (Locke 
and Huie, 1979). 
Chemical structure 
It is clear that the chemical nature of the cuticular 
surface is of paramount importance in both initial and 
subsequent stages of fungal conidial adhesion. Koidsumi 
(1957) postulated that most components of cuticular lipid 
extracts were free straight-chain saturated fatty acids, 
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presumably caprylic acid (C8) or capric acid (CIO) . More 
recently, Smith and Gmila (1982) assessed this hypothesis in 
investigating interactions between B. bassiana and 
epicuticular fatty acids of the larvae of the corn earworm, 
Heliocoverpa. zea (Boddie) and the fall army worm, Spodoptera 
frugiperda (J.E. Smith) . Free fatty acids were identified and 
their inhibitory effects on germinating conidia were 
demonstrated in vitro. Entomopathogenic fungi must gain entry 
via the cuticle by breaking the lipid-coated envelope surface 
and the intermediate layer. This allows entry to the 
cuticular compartment where chitinase (Leopold and 
Samsinakova, 1970) and proteolytic enzymes can degrade the 
cuticle (Smith and Grula, 1983). 
Adhesion 
The main route of infection by entomopathogenic fungi is 
penetration through the external integument of the insect 
cuticle (Zacharuk, 1981). Prior to penetration, it is 
necessary for the conidium to recognize and attach to the 
cuticular surface. Attachment of conidia of entomopathogenic 
fungi to host insects represents the initial event in the 
establishment of mycosis. The process (es) responsible for the 
initial adhesion of the conidia to the host cuticle are poorly 
understood. 
The adhesion process has been divided into three distinct 
stages (Fletcher, et al. , 1980): (1) adsorption involving 
26 
electrostatic charges between the conidiutn and surface; (2) 
specific attachment, presumably the outcome of stereochemical 
interactions which could involve antibodies, carbohydrate-
binding proteins (lectins) , glycoproteins and sugars (Pethica, 
1980) ; and (3) germination and growth of the germ tube on the 
cuticular surface until penetration occurs. The presence of 
nutrients on the integument surface may also contribute to 
altering the attachment from "passive" to "active" by inducing 
secretion processes of enzymatic and mucilaginous substances 
from germinating conidia, hyphae and/or appressoria (Grinnel, 
1978) . The invasion of the insect host cuticle often requires 
the formation of these specialized infection structures 
(appressoria) (Charnley and St. Leger, 1991). 
The noirmal route of invasion for a fungal pathogen is 
through the external cuticular surfaces in both plants and 
insects (Zacharuk, 1981; Kolattukudy, 1985). A complex of 
specific (e.g. glycoproteins and enzymes) and nonspecific 
(e.g. electrostatic and hydrophobic) systems (Fargues, 1984) 
mediate both the physical and chemical processes of conidial 
adhesion between entomopathogenic fungi and terrestrial 
insects, and phytopathogenic fungi and plants. 
Several studies have shown S. hassiana. to adhere to 
insect cuticle and penetrate with or without forming 
specialized penetration structures. Three different 
situations have been observed for germinating conidia on 
larval surfaces: (1) immediate penetration; (2) random growth 
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of hyphae without penetration; and (3) a limited amount of 
errant growth followed by eventual penetration (Perkul and 
Gmila, 1979). The existence of these several processes 
suggests that some chemical recognition between the hyphal tip 
of germinating conidia and the lai-val surface is an essential 
part of the penetration process. 
Mutants with varying degrees of pathogenicity have 
exhibited the production of several enzymes considered 
necessary for penetration of the insect integument 
(Samsinakova et al. , 1971). Perkul and Grula (1979) reported 
that extensive surface hyphal growth was characteristic of 
conidia from strains exhibiting low levels of pathogenicity, 
while highly pathogenic strains produced germ Lubes which 
rapidly penetrated the cuticle. 
Beauveria bassiana conidia geintiinate fairly quickly 
(within 18 hr) on the surface of H. zea and immediately begin 
penetration of the cuticle (Perkul and Grula, 1979) . Often 
multiple infections (penetration by several germinating 
conidia) occur through the cuticle. Penetration occurs 
through the cuticle without formation of any visible 
appressorial-like structures (Perkul and Grula, 1979) . Slight 
thickenings of penetrating germ tubes have been observed, but 
not any appressorial formation. 
Several investigators (St. Leger et al., 1986a,b; 
Charnley and St. Leger, 1991) have established that B. 
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ha.ssia.na produces several types of exocellular enzymes during 
penetration. These studies indicate that B. hassiasia, using 
both physical and chemical means, is well adapted to penetrate 
host surfaces. Research by Vakili (1990); Lewis and Bing 
(1991); and Bing and Lewis (1992a,b; 1993) have shown that B. 
bassiana does enter and colonize the corn plant. However, the 
mechanism(s) involved in establishing this endophytic 
relationship are unknown. 
The conidial surface of several entomopathogenic fungi, 
including B. bassiana are covered by a well-organized rodlet 
layer. Harsh alkali treatment was the only treatment that 
completely stripped away the rodlet layer and caused decreases 
in the level of conidial attachment to insect cuticle (Boucias 
at al., 1988). These researchers have also reported S. 
bassiana conidia binding easily to DEAE ion-exchange resins, 
indicating the presence of a net negative charge on the 
conidial surface. Neutralization of the hydrophobic 
properties with detergents, solvents, or high molecular weight 
proteins resulted in significant reductions in the numbers of 
conidia adhering to cuticle preparations (Boucias et al. , 
1988) . Once conidia are hydrophobically attracted to the 
cuticle, other specific recognition systems, such as lectins, 




Of the basic environmental factors influencing spore 
gerroination, water, in the form of humidity and surface 
moisture, appears to be the most crucial. High humidity is 
generally needed for fungal spore germination, however, the 
conditions required are difficult to generalize (Hansen and 
Patten, 1975). Smith and Grula (1981) employed extensive 
washing procedures prior to germination tests. Lack of 
washing could permit the carryover of nutrients that could be 
utilized for germination and growth of B. bassiana. This 
interpretation received support from the work of Gabriel 
(1959) who tried to germinate B. bassiana in rainwater, 
saline, and peptone. He reported none to very low germi­
nation in rainwater or saline, and abundant germination in 2% 
peptone. These observations suggest that B. bassiana. requires 
external nutrient sources to successfully penetrate and 
ultimately colonize an insect. 
Addition of a carbon-energy source such as glucose and 
chitin will allow germination of B. bassiana conidia (Smith 
and Grula, 1981; Woods and Grula, 1984). These findings 
illustrate that a utilizable exogenous carbon-energy source is 
necessary for germination. The nutritional requirements for 
germination and growth of B. bassiana have been defined (Smith 
and Grula, 1981). They show that B. bassiana is not 
fastidious and can utilize many compounds ranging from glucose 
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to complex waxes as carbon-energy sources. Because of the 
nutritional versatility of B. hassiana., this fungus is able to 
survive and be infective against insects in several types of 
natural environments. This versatility may also provide the 
means to colonize green plants. 
Penetration 
Penetration of the insect cuticle by germinating conidia 
has long been thought to result from a combination of 
mechanical pressure and enzymatic degradation of the cuticle 
by the germ tube (Ferron, 1978; Roberts and Humber, 1981; St. 
Leger et al., 1986b). Generally after invading the insect 
host, yeast-like hyphal bodies multiply in the haemocoel 
producing toxic metabolites which kill the host. A more 
extensive mycelial phase then develops invading virtually all 
host organs, culminating in penetration of the cuticle and 
production of conidia on the host exterior (Burge, 198 8) . 
Generally the insect gut wall is the major target site 
once the fungus has penetrated the cuticle. Invasion occurs 
from direct hyphal penetration through the integument and 
appears to result in a paralysis that could be responsible for 
the cessation of feeding and lack of weight gain that occurs 
after the fungus is successfully established (Pekrul and 
Grula, 1979). 
Beauveria bassiana gains access to the haemocoel of H. 
zea via enzymatic penetration of the larval integument (Grula 
et al., 1978; Pekrul and Grula, 1979; Smith et al., 1981). 
Several investigators have established that B. hassiana. 
produces many types of exocellular enzymes, including 
chitinases, proteases, and lipases (Hiiber, 1958; Leopold and 
Samsinakova, 1970; Grula et al., 1978; Pekrul and Grula, 
1979) . Smith et al. (1981) investigated the interaction 
between B. bassiana and H. zea and concluded that the young, 
germinating hyphae of B. bassiana must produce sequentially a 
proteinase and a chitinase to dissolve the insect cuticular 
envelope. 
The insect integument is composed of proteins and chitin 
with associated lipids and phenolic compounds which serve as 
barrier against invading microorganisms. Beauveria bassiana 
produces many extracellular enzymes including protease 
(Bidochka and Khachatourians, 1990) and lipase (Paris and 
Perron, 1985). These enzymes may be involved in penetration 
of the insect host integument and subsequent infection 
(Perron, 1978). Through the combined action of hydrolytic 
enzymes such as chitinase, protease, and lipase, the fungal 
hyphae are able to penetrate this barrier. 
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CHAPTER 3: MATERIALS AND METHODS 
Specimen Collection 
Zea mays 
The maize plants used in this investigation were from an 
inbred cultivar {B73) susceptible to whorl, leaf sheath and 
collar feeding by O. nubilalis {Kim et al., 1989) . Seed was 
planted in peat pots and grown in the Entomology Department 
glasshouse at Iowa State University. Within the controlled 
glasshouse environment, the plants formed two leaves within 
two weeks after germinating (Ritchie et al., 1986). 
Plants were also grown in environmental chambers located 
in the Botany Department, Bessey Hall, Iowa State University. 
Seed was surface sterilized in 1% aqueous clorox, wrapped in 
germination paper, and placed upright in a 500 ml beaker kept 
one-c[uarter full of water inside a growth chamber. Materials 
were sterilized in an autoclave. The first two leaves from 
germinated seeds were used for the adhesion assay experiments 
and for microscopy studies. 
Beauveria bassiana 
The S. bassiana strain used during the course of these 
investigations was originally isolated from the soil in a 
field on the Iowa State University Research Farm, Ankeny, Iowa 
(ARSEF 3113, USDA-ARS Entomopathogenic Fungi Collection, 
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Ithaca, N.Y.) and is virulent to the European corn borer. 
Fungal cultures, started from dry conidia, were grown on 
Sabourand's dextrose agar in the dark at 22^0. Conidial 
development generally took about nine days and spoirulation 
could readily be judged because the aerial hyphae collapsed 
into a powdery mass. Approximately every six weeks, the dry 
conidia were transferred to fresh media and allowed to grow to 
maturity. Every six months the fungal culture was passed back 
through O. nubilalis. Fifth instars were rolled on dry 
conidia and reared on a laboratory diet (Guthrie et al. , 1971) 
until the lairvae succumbed to mycosis or pupated. 
Adhesion Assays 
Beauveria bassiana was examined for its ability to adhere 
Lo Lhe following surfaces: glass microscope slides (untreated 
glass slides. Fisher Scientific), polystyrene (from culture 
dishes. Falcon Plastics, Oxnard, CA), and maize leaf tissue 
(B73) . All three substrates were tested with a variety of 
controlled experiments to determine the adhesion properties of 
B. bassiana. The foliar spray used in adhesion and growth 
studies observed with the light and electron microscopes was 
formulated from mature dry conidia. Measurements of the spore 
concentration were made on a haemocytometer and adjusted to a 
final concentration of 10^ spores/ml. In all experiments, 
several replications were performed and the results averaged. 
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Maize 
Dry conidia, or a foliar spray of conidia in an aqueous 
suspension, were deposited on an adaxial leaf surface with a 
camel hair brush (dry conidia) or in sterile, double distilled 
water (SDDW) for the suspensions. The area of inoculation was 
then exposed to a standard washing procedure in which 5 ml 
(approximately 75 drops) of SDDW were delivered from a height 
of 6 cm onto the leaf held at a 45° angle. At intervals of 
ten minutes, samples were washed as above and remaining 
conidia counted using the light microscope. 
Artificial Substrates 
Glass and polystyrene were chosen as artificial 
substrates because they represent materials which have 
different hydrophobic characteristics compared to maize 
leaves. Four additional adhesion assay experiments were 
performed on glass and polystyrene which included the 
following methodologies: (1), conidial suspension with 1% 
Tween 80 ; (2) , conidial suspension in which conidia had been 
rendered nonviable by exposure to propylene oxide vapors for 
one hour; and (3), conidial suspension containing the 
metabolic inhibitors sodium azide or cycloheximide. 
In every adhesion assay, diry conidia or conidial 
suspensions were placed on the test surfaces and incubated in 
a moist environment (a plastic box containing moist towels 
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with applicator sticks supporting glass slides which supported 
the test substrate) . Conidia were placed as close to the 
center of the substrate as possible within a circular area 
(5mm diameter) drawn on the glass slide support. After 
washing at ten-minute intervals as described previously, the 
number of conidia remaining within the designated area was 
determined. ANOVA was used for data analysis (MSTAT, 1985) . 
Significant means were separated using Duncan's new multiple 
range test (Duncan, 1955). The original data are listed in 
the Appendix. 
Infection Efficiency Studies 
Experiments were designed to determine the number of 
conidia germinating and actually penetrating the maize leaf 
surface. To estimate the number of spores initially placed on 
the leaf surfaces, ten sample droplets from the inoculum 
suspension were placed on glass slides and the average number 
of spores was determined. A 10 fil droplet containing an 
average of 35 conidia was placed on a leaf and incubated in a 
humid chamber from four to eight days, or until penetration 
occurred. Observations were made using light and electron 
microscopy. The number of germinating conidia as well as 
penetration sites were recorded. 
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Light Microscopy (LM) 
Specimen Preparation 
Clearings 
Conidial suspensions were sprayed on leaves of young 
plants grown from seeds in the glasshouse. At 12-, 24-, 36-, 
and 48-hour intervals following inoculation, leaves were 
selected from the plants and placed in boiling 95% ethanol 
(EtOH) for three minutes to clear them. They were then placed 
in IN NaOH for two days. Leaves were dehydrated in a graded 
series of EtOH to 100% and photographed stained with aniline 
blue or unstained using differential interference contrast 
optics (Die). 
Resin Embedding 
At the same time collections were made for clearings, 
young leaves were selected, cut into small pieces and 
initially fixed in 2.5% glutaraldehyde-2% paraformaldehyde in 
phosphate buffer (0.1 M, pH 7.2) at 22°C - 24°C (room 
temperature). Leaves were fixed overnight in a fresh fixative 
solution (12-24 h) at 4°C. Specimens were rinsed in three 
changes of buffer, 10 minutes each, and then postfixed in 1% 
osmium tetroxide (OSO4) using the same buffer for 2 h at 4°C. 
The leaves were washed twice in distilled water for 3 0 minutes 
followed by dehydration in a graded EtOH series and changed 
into a transition fluid of propylene oxide or acetone. 
Specimens were infiltrated with an epoxy resin (Spurr, 1969) 
according to manufacturers' instructions for a "hard" block. 
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cast in aluminum weighing pans, and placed in a 60°C oven 
overnight. 
Fresh Specimens 
Some maize leaves were cut into 4 mm pieces following 
four days post-inoculation and obsei-ved unstained. 
Observations of hyphal elongation and growth on the leaf 
surface and subsequent growth after penetration through the 
epidermal cells was completed on the LM using a variety of 
optical methods. Some cleared leaves were stained with the 
fluorescent dye Calcofluor white MR2 (Monheit et al. , 1984) to 
observe the fungal cell walls. 
Thick sections were cut at 2 fim with glass knives on a 
Reichert Ultracut E or S ultramicrotome. Sections were 
collected with an orange stick applicator and placed 
individually or in pairs on a water droplet on a glass 
microscope slide. The slide was placed on a hot plate to 
remove section wrinkles and to adhere the sections to the 
slide. 
Staining- and Lectin Labeling 
Cleared, fresh and sectioned specimens were observed 
using phase contrast, differential interference contrast 
optics (DIG), and fluorescence optics. Bright-field 
observations were made on sections which had been stained with 
azure II-methylene blue and basic fuchsin (Humphrey and 
Pittman, 1974) or toluidine blue O. 
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The following stains were used to determine the presence 
or absence of extracellular material on conidia, germ tubes 
and hyphae: Comassie brilliant blue G250 (0.1% aqueous 
solution; protein stain), nigrosin (1.0% in 50% ethanol; 
protein stain), alcian blue (1.0% in 10% acetic acid; stains 
acid mycopolysaccharides) and trypan blue (0.1% in 10% acetic 
acid; stains proteins) . 
BesLUveria. bassiana conidia were brushed on glass slides 
and incubated in a humid chamber for the developmental study. 
These specimens were photographed using DIC optics or stained 
with Calcofluor. Cellular proteoglycans, glycoproteins and 
glycolipids may contain any of a variety of oligosaccharides. 
Oligosaccharide residues are most abundant on the cell 
surface. Lectins, which bind to specific configurations of 
sugar molecules, can thus serve to identify cellular 
components, making them versatile detection agents in 
histochemical applications. Two of the most commonly used 
lectins in cell biology are concanavalin A (Con A) and wheat 
germ agglutinin (WGA) . The 104,000-dalton tetrameric Con A 
selectively binds to a-mannopyranosyl and a-glucopyranosyl 
residues. The 36,000-dalton dimeric WGA binds to sialic acid 
and 2\/'-acetylglucosaminyl residues. These two lectins were 
conjugated to the fluorescent dye Oregon Green 48 8 which is 




Transmission Electron Microscopy 
Leaves were processed for light microscopy using the 
procedure for resin embedded material. Silver and gray 
sections of approximately 70 to 85 nm were cut with a Diatome 
diamond knife on a Reichert Ultracut E or S ultramicrotome, 
spread with chloroform fumes and collected on 200-mesh copper 
grids. Some sections were placed on Formvar-coated slotted 
grids and lightly carbon-coated in a Varian VE-30 or a Denton 
502A vacuum evaporator to enhance their stability under the 
electron beam. Sections were stained with aqueous uranyl 
acetate (Watson, 1958), followed by lead citrate (Reynolds, 
1963) . Obseirvations were performed on a JEOL 1200EX scanning 
transmission electron microscope (STEM) at 80 kV accelerating 
voltage. 
Scanning Electron Microscopy 
Conventional Preparation 
Leaves were fixed according to the procedure for LM. 
After dehydration to a final concentration of 100% EtOH, 
leaves were critical point dried (CPD) in a Denton Vacuum Inc. 
DCP-1 critical drying unit using CO2. Specimens were then 
affixed to brass discs with silver cement and coated with 
gold-palladium (20:80) in a Polaron E5100 sputter coating 
unit. Observations were made and photographs were taken using 
a JEOL JSM-35 SEM at an accelerating voltage of 15 kV. 
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Crvopreparation 
Leaf samples previously inoculated and inciibated with 
aerial conidia or conidia in solution were dissected from the 
corn plant and immediately frozen in liquid nitrogen slush 
using an EMSCOPE SP2000A Cryounit. Specimens were sublimated 
to remove any surface ice crystals at a temperature of -90°C, 
gold coated and placed in the SEM on a stage maintained at -
150°C. An operating voltage of 10 or 25 kV was used during 
photographic sessions. 
Photography 
Images of fresh, cleared and resin-embedded material were 
made on a Leitz Wetzlar Orthoplan research microscope with 
planchromatic, phase contrast, and differential interference 
(DIG) objectives. The same microscope was used with 
epifluorescence (UV, mercury bulb) for imaging the fungal 
hyphae on the leaf surfaces stained with fluorescent dyes. 
Excitation wavelengths of 340-380 nm and a barrier filter (430 
nm) was employed. Kodak Technical Pan 2415 3 5 mm film was 
used in the attached Leitz Orthomat automatic camera. 
Kodak SO-163 electron image sheet film was used to record 
images on the STEM. Polaroid Type 665 P/N film was used to 
record images on the SEM. Positive prints were made from 
selected negatives using Kodak polycontrast III RC paper. 
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Virulence Studies 
Virulence of the B. bassiana. isolate used in this study 
against the European corn borer, was ascertained by rolling 
third instars in B. bassiana conidia grown from the original 
soil culture. Larvae were grown on a laboratoiry diet in 19 ml 
plastic cups (Guthrie et al., 1971). Four replicates using 30 
larvae each were tested. Cups with larvae were held at 27°C 
and 70% relative humidity until condiophores developed, and 
the insects pupated or died. Mortality was checked after 
seven days. 
Beauveria bassiana isolated from dead corn borer larvae 
inside maize plants was grown to produce mature conidia and 
the conidia were used to test virulence against third instars 
in experiments similar to these previously mentioned. Also, 
B. bassiana was isolated from the maize stem proper and grown 
to produce mature conidia in culture. Similar experiments as 
described above were performed to test fungal virulence of 
this isolate against O. nubilalis lairvae. 
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CHAPTER 4: RESULTS 
Adhesion Assays 
Fungal Cultures 
Beauveria bassiana ARS 3113, originally isolated from 
soil, was maintained on Sabourand's agar. Other cultures were 
isolated from B. bassiana infected cadavers of O. nuhilalis 
found within maize plants. These cultures were also 
maintained on Sabourand' s agar and stored in the dark at room 
temperature. At maturity B. bassiana cultures typically 
formed a mass of mycelia and conidia which have a white, 
fluffy appearance (Fig. 1). Conidia or spores are borne in 
rather compact, globose heads, either on the main hyphal 
branches or on short laterals, referred to as conidiophores 
(Figs. 2, 3) . These diry conidia (Fig. 4) were used in the 
adhesion assay experiments and in the study of B. bassiana 
adhesion, germination, and penetration of maize leaves. 
Conidia were plated on fresh agar when the original cultures 
began drying (approximately every 6-8 weeks). 
Maize Leaves 
Corn plants were grown for approximately one week after 
the seed germinated. Both adhesion assays and microscopic 
investigations were performed on the middle portion of either 
the first two leaves. Beauveria bassiana conidia, both dry 
Figures 1-4. Macroscopic and SEM views of B. bassiana 
culture. 
Fig. 1. Beauveria bassiana culture showing mass of 
mycelia. Bar = 0.5 mm. 
Fig. 2 . Mature conidia borne on conidiophores. 
Bar = 0.25 mm. 
Fig. 3. Terminal end of conidiophore bearing 
mature conidia. Bar = 4 |j.m. 
Fig. 4. Conidia (stereo pair) at terminal end of a 
conidiophore illustrating typical rounded, 
concave shape of dry conidia. 
Bar = 1 |j.m. 
44 
45 
and in aqueous suspension, were applied to maize leaves to 
test adhesion. Figure 5 shows the results of three adhesion 
assay experiments on maize leaves using dry conidia and 
conidia in an aqueous suspension (10^ conidia/ml) . Both dry 
conidia and those in suspension adhered to the maize leaf 
surface initially and adhesion rates continued to increase 
until leveling off at about 80%. Using an analysis of 
variance (ANOVA) and Duncan's new multiple range test (Duncan, 
1955), no statistical differences (P< 0.05) in attachment 
percentages between dzy conidia and a suspension of conidia to 
maize leaves could be determined. 
Artificial Substrates 
Artificial substrates (glass and polystyrene) were 
initially tested using adhesion assays to observe the response 
in comparison to maize. These substrates were chosen because 
of their different hydrophobicity classification compared to 
leaves. Surface hydrophobicity of these three substrates was 
not tested in this study as this has been completed previously 
(Braun and Howard, 1994b). The substrates rank in descending 
order according to their hydrophobicity as follows: maize 
leaf, polystyrene and glass. Using the same adhesion assay 
previously used on maize, conidia both dry and in suspension 
(10^ conidia/ml) were tested on glass and polystyrene. 
On glass coverslips (Fig. 6 ) ,  dry conidia showed an 
initial low adhesion percentage rate which gradually increased 
Figure 5. Attachment of B. bassiana dry conidia and conidia in suspension to 
maize leaves. At ten minute intervals, conidia in a designated 
microscopic field were counted, exposed to a standard washing 
procedure, and recounted to obtain a percentage of adhesion. Bars 











Adhesion Assay on Maize Leaves using Dry Conidia and Conidia in Suspension 
Time (Minutes) 
Figure 6. Attachment of B. bassiana dry conidia and conidia in suspension to 
glass substrate. At ten minute intervals, conidia in a designated 
microscopic field were counted, exposed to a standard washing 
procedure, and recounted to obtain a percentage of adhesion. Bars 
indicate standard errors. (F=14.42; df=17; P<0.05) 
Adhesion Assay on Glass using Dry Conidia and Conidia in Suspension 
Time (Minutes) 
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to about 20%. A similar gradual rise in adhesion rate was 
noted when using a conidial suspension on glass coverslips. 
There were no significant statistical differences (P<0.05) in 
adhesion rates at any of the time periods using dry conidia 
and conidia in suspension on glass based on ANOVA. 
Figure 7 shows the results of adhesion assay experiments 
on polystyrene. Although the conidial suspension shows 
slightly lower adhesion rates, there were no significant 
statistical differences (P<0.05) between the adhesion rates of 
dry conidia and conidia in suspension. 
The assay results on these artificial substrates were 
compared to the results on maize using dry conidia (Fig. 8) 
and a conidial suspension (Fig. 9) . The adhesion rates of 
conidia on maize and polystyrene were very similar and 
statistically not significantly different (P<0.05). By 
comparison, the difference between glass and both maize and 
polystyrene are statistically different (Tables 2, 3). Based 
on these results, polystyrene was chosen as the substrate of 
choice for other assay experiments because it was easier to 
count remaining conidia and compared favorably to maize leaf 
adhesion assays. In all experiments, dry conidia adhered at a 
greater rate to all surfaces than a conidial suspension in 
water. A 1% addition of the detergent Tween 80® by volume to 
a conidia suspension did not appreciably change the adhesion 
rate on polystyrene (Fig. 10) . 
Figure 7. Attachment of B. bassiana dry conidia and conidia in suspension to 
polystyrene substrate. At ten minute intervals, conidia in a 
designated microscopic field were counted, exposed to a standard 
washing procedure, and recounted to obtain a percentage of adhesion. 
















Figure 8. Attachment of B. bassiana dry conidia to glass, maize and polystyrene. 
At ten minute intervals, conidia in a designated microscopic field were 
counted, exposed to a standard washing procedure, and recounted to obtain 




















Figure 9. Attachment of B. bassiana conidia in suspension to glass, maize 
leaves and polystyrene. At ten minute intervals, conidia in a 
designated microscopic field were counted, exposed to a standard 
washing procedure, and recounted to obtain a percentage of adhesion. 











Adhesion Assay on Glass, Maize and Polystyrene using Conidia in Suspension 
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Table 2. Adhesion rate of dry B. hassiasia. conidia on 






17.9a ± 1.3 
79.4b ± 2.8 
80.0b ± 4.0 
^ Means followed by the same letter are not 
significantly different (P<0.05) using 
Duncan's New Multiple Range Test (Duncan, 
1955) . 
Table 3. Adhesion rate of B. bassiana conidia in 
suspension on glass, maize and polystyrene. 
Substrate Mean %-
glass 11.8a ± 2.9 SE 
maize 71.0b ± 4.7 SE 
polystyrene 70.9b ± 7.4 SE 
^ Means followed by the same letter are not 
significantly different (P<0.05) using 
Duncan's New Multiple Range Test (Duncan, 
1955). 
Figure 10. Attachment of B. bassiana conidia in suspension with and without 1% 
Tween 80 on polysytrene. At ten minute intervals, conidia in a 
designated microscopic field were counted, exposed to a standard 
washing procedure, and recounted to obtain a percentage of adhesion. 
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To measure the positive or negative influence of any 
metabolic processes, two experiments were designed, one with 
nonviable conidia and the other using the metabolic inhibitors 
sodium azide and cycloheximide. Conidia which were rendered 
nonviable by exposure to propylene oxide vapors also adhered 
to polystyrene and although the percent adhesion was somewhat 
lower than that of dry, viable conidia, the rate was not 
significantly different (P<0.05) as shown by Duncan's analysis 
of the means (Fig. 11) . 
Conidia were suspended in several concentrations of 
sodium azide (Sigma, St. Louis, MO) and cycloheximide (Sigma). 
Concentrations ranged from 0.1 M to 0.005 M to determine at 
what concentration a few conidia would still germinate. The 
adhesion assay was run using 0.005% sodium azide and 0.01% 
cycloheximide on polystyrene, the lowest concentration at 
which some conidia still germinated. Neither inhibitor seemed 
to change the adhesion properties of B. bassiana conidia on 
polystyrene when compared to results using a conidial 
suspension control (Fig. 12) . 
To test electrostatic adhesion properties of B. bassiana 
conidia, polystyrene was placed in a Denton 502A vacuum 
evaporator under glow discharge to give it a negative charge. 
An adhesion assay was performed using dry conidia with 
negatively charged polystyrene and compared to the results of 
uncharged polystyrene (Fig. 13). The addition of a negative 
Figure 11. Attachment of B. bassiana dry conidia and nonviable conidia to 
polystyrene. At ten minute intervals, conidia in a designated 
microscopic field were counted, exposed to a standard washing 
procedure, and recounted to obtain a percentage of adhesion. Bars 
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Figure 12. Attachment of B. bassiana conidia in suspension untreated and treated 
with metabolic inhibitors sodium azide and cycloheximide to 
polystyrene. At ten minute intervals, conidia in a designated 
microscopic field were counted, exposed to a standard washing 
procedure, and recounted to obtain a percentage of adhesion. Bars 
indicate standard errors. For sodium azide(F=4.43; df=17; P<0.05); 
for cycloheximide (F=9.71; df=17; P<0.05). 
Adhesion Assay on Polystyrene using Inhibitors 
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Figure 13. Attachment of B. bassiana dry conidia to polystyrene with and without 
a negative charge. At ten minute intervals, conidia in a designated 
microscopic field were counted, exposed to a standard washing 
procedure and recounted to obtain a percentage of adhesion. Bars 
indicate standard errors. (F=196.98; df=17; P<0.05) 
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charge changes the adhesion rate of the conidia on polystyrene 
and is statistically significant (P<0.05). 
Conidia Germination and Hyphal Growth 
Conidial Germination 
It is important to ascertain from a practical standpoint 
the number of conidia actually germinating and penetrating the 
maize leaf surface. An experiment on infection efficiency was 
designed to count the number of conidia placed on the leaf 
surface, the number which germinated, and also record how many 
of the developing hyphae actually penetrate. A droplet 
containing a known (average) number of conidia was placed on 
maize leaves and incubated at ambient temperature and 90% RH 
for three days. Figure 14 shows the number of germinating and 
penetrating hyphae found on the leaf surfaces. These results 
mirror the many observations with LM and SEM where although 
numerous conidia were observed on the maize leaf surface, very 
few actually penetrated the leaf surface. 
Light Microscopy 
The developmental stages of B. bassiana grown in solution 
were outlined previously (see Literature Review, p. 10). The 
combination of phase contrast, DIC and fluorescence LM allowed 
imaging of B. bassiana development. Utilizing LM, the 
Figure 14. Attachment, germination and penetration of B. bassiana conidia on 
maize leaves. A 20 fil droplet containing on average 35 conidia were 
applied to the abaxial surface of maize leaves. The number of 
germinating conidia and penetrating conidia were measured after 48 
hours. Approximately 3% of the conidia germinated and about 1% of 
these penetrated the maize leaf surface. 
Number of Conidia Germinating and Penetrating Maize Leaves from a 
35 Conidia/Droplet Sample 




following figures illustrate conidial germination, germ tube 
development, hyphal growth and elongation, and mycelial 
proliferation on glass slides. Dry conidia (not shown) or 
conidia in suspension showed little or no tendency to 
aggregate (Fig. 15). Within 12 to 48 hours, individual 
conidia were obse2rved to enter the second stage (Stage II) , 
marked by the swelling of the conidia (Fig. 16) . The 
emergence of the germ tubes from the conidia denotes the start 
of Stage III (Fig. 17) . The early stages of germ tube 
formation typically were characterized by a unipolar, 
nonseptate germ tube emerging from the conidium. The maximum 
length of the germ tube in this stage was about 10 |^m. In 
Stage IV, further elongation of the germ tubes continued and 
the first of several septa were formed (Fig. 18). Usually 
mycelia were 1-3 0 |im long and contained 2-5 septa after 48 
hours of growth. Often bipolar growth of mycelia from the 
conidia could occur and several bifurcations could arise along 
the mycelial body (Figs. 19). 
Maize leaves were inoculated with B. hassiana. dry conidia 
and photographed with the LM. Within three days after surface 
inoculation, viable conidia germinated and formed germ tubes 
on both the abaxial and adaxial leaf surfaces. Although the 
thickness and autofluoresence of the maize leaf chlorophyll 
interferes with some observations, conidia and hyphae were 
observed on the leaf surfaces (Figs. 20, 21). After formation 
of the first septum, the mycelia continued to grow in a random 
Figures 15-19. Light photomicrographs (DIG optics) 
depicting the developmental stages of B. 
bassiana fungal growth in solution on 
glass slides. 
Fig. 15. Conidial suspension directly after 
plating. Conidia are concave in shape. 
Bar = 3 0 jim. 
Fig. 16. View of imbibed (swollen) conidia and 
a germinated conidium. Bar = 20 pirn. 
Fig. 17. Two conidia showing early germ tube 
formation. Bar = 3 0 fim. 
Fig. 18. Conidia with bipolar developing hyphae. 
Bar = 3 0 fim. 
Fig. 19. Mature hyphae and conidium. Bar = 3 0 fim. 

Figures 20-21. Conidia and hyphae stained with fluorescent 
dye Calcofluor white M2R. 
Fig. 20. Formation of septa in hyphae. Septum at 
arrow. Bar = 20 jim. 
Fig. 21. Bipolar hyphal growth. Bar = 20 |im. 
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direction and often several more septa were visible. The 
length of the mycelia varied greatly on the leaf surfaces. 
Occasionally penetration sites were the cause of the cessation 
of hyphal growth on the leaf surfaces. They were not easily 
observed in cleared leaf tissues. The results of penetration 
could be observed when focusing below the leaf surface into 
the tnesophyll layer (Figs. 22, 23) . 
Electron Microscopy 
Scanning Electron Microscopy 
Maize Leaves Using SEM with cryoprepared and 
conventional specimens, the surface morphology of the maize 
leaf became apparent. Figures 24-27 illustrate the epidermal 
cells and waxy surface of the maize leaf not visible by LM or 
conventionally prepared SEM specimens. At a higher 
magnification (Fig. 25) , the waxy layer covering the epidermal 
cells is apparent. The waxy covering of the epidermal cells 
consists of randomly oriented wax plates (Fig. 26). Figure 27 
illustrates the dense covering of cuticular wax overlaying a 
stomate and guard cells. The interior architecture of the 
maize leaf can be obseirved using freeze-fractured frozen 
specimens (Fig. 28) . It is within these airspaces that B. 
hassiana easily travels through the leaf tissue. 
Conidial Attachment Dry conidia when initially 
attached to the leaf surface exhibited a round, concave shape 
Figures 22-23. Cleared maize leaves photographed using 
DIG optics. 
Fig. 22. Focal plane at leaf surface showing 
stomata. Bar = 5 jim. 
Fig. 23. Focus below epidermis at mesophyll cell 
layer showing hyphae growth between 
mesophyll cells. Stained with aniline 
blue. Bar = 5 fim. 
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Figures 24-27. SEM micrographs illustrating maize leaf 
surface using SEM cryoprepared tissue. 
Fig. 24. Leaf surface showing wax covering 
epidermal cells. Bar = 20 jam. 
Fig. 25. Epidermal cells, cell junctions and wax. 
Bar = 10 fim. 
Fig. 26. High magnification showing individual wax 
plates on cell surface. Bar = 0.5 (im. 
Fig. 27. Stomate (stereo pair) showing guard cells 
and cuticular wax. Bar = 10 (im. 
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Figure 28. Freeze-fracture of maize leaf showing interior 
view of mesophyll cells and air spaces. 
Stomate at bottom of micrograph. Bar = 10 |im. 
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also observed in culture (Figs. 29, 30). After incubation, 
the hydrated conidia appeared swollen with no sign of the 
concave areas (Figs. 31, 32). The conidia appeared attached 
to the waxy surface without any extracellular material aiding 
the attachment process. 
Conidial Germination After the conidia imbibed 
moisture, germination could occur and a germ tube could 
develop and grow along the leaf surface. These germ tubes 
gradually elongate into hyphae and may continue to spread 
across the leaf epideirmal cells (Figs. 33, 34) . Hyphal growth 
occurred randomly across the plant cuticular surface. Figure 
3 5 illustrates early conidial germination and the foinnation of 
a germ tube. A conidium and developing hyphae are shown in 
Figure 36. 
Penetration Sites Penetration sites were observed with 
both conventionally and cryoprepared specimens. Some hyphae 
terminated their growth along the leaf surface and penetrated 
the epidermal cell layer. Often a germ tube elongated only a 
short distance before terminating its growth and penetrating 
the leaf surface (Fig. 37) . At some penetration sites, 
varying amounts of what appear to be material surrounding the 
contact area could be observed (Fig. 38) . This material could 
be a result of enzymatic activity or deformation of the 
epidermal cell waxy layer. Most penetration site observations 
showed the hyphae growing down between the epidermal cells 
with the cuticular wax undamaged (Fig. 39) . Observations of 
Figures 29-32. Photographs illustrating the changing 
shape of dry conidia before and after 
water uptake. Cryoprepared SEM samples. 
Fig. 29. Conidia on leaf surface directly after 
inoculation. Bar = 10 jim. 
Fig. 30. Freshly inoculated conidia on leaf showing 
concave surface. Bar = 0.5 |i.m. 
Fig. 31. Imbibed conidia after incubation 
in humid chamber. Bar = 10 |im. 
Fig. 32. Higher magnification of conidia after 
incubation in humid chamber showing 
swollen shape. Bar = 0.5 p.m. 
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Figures 33-36. Micrographs of germinating conidia and 
developing germ tiibes and hyphae. Figures 
33 and 36 are cryoprepared samples. 
Fig. 33. Leaf surface and growing hyphae. 
Bar = 100 |im. 
Fig. 34. Conventionally prepared leaf with 
conidia and hyphae on surface. 
Bar = 10 (im. 
Fig. 35. Conventionally prepared leaf with 
conidia and developing germ tube. 
Bar = 1 (im. 
Fig. 36. Germinating conidium (stereo pair) on 
epidermal cell waxy surface. Bar = 10 (i.m. 
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Figures 3 7-39. Selected penetration sites at terminal 
hyphal tips using conventional (Fig. 37) 
and cryoprepared (Figs. 38, 39) samples. 
Fig. 37. Germinating conidia with short germ tube 
and penetration site. Bar = 3 fim. 
Fig. 38. Terminal hyphal tips and presumed 
penetration sites. Altered structure of 
wax plates on leaf surface. Bar = 1 |im. 
Fig. 39. Hyphal penetration site at cell wall 
junction and waxy surface of leaf cuticle. 
Bar = 2 |am. 
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the conidial attachment and penetration sites on fifth-instar 
0. nubilalis revealed strikingly similar views to those of 
maize leaf surfaces. Figure 40 shows two conidia attached to 
the lairval cuticle just after inoculation. Figures 41 and 42 
illustrate several presumed penetration sites through the 
larval cuticular layer. The cuticular surface of O. nubilalis 
is quite smooth compared to the waxy surface of maize leaves. 
Transmission Electron Microscopy 
Maize Maize epidermal cells have veiy dense walls, a 
large central vacuole, and typically little or no cytoplasm. 
The waxy layer is removed during conventional processing and 
is no longer visible. The cells under the epidermis, the 
mesophyll or palisade parenchyma cells are shown in Figures 
43-45. These cells are separated by an air space more easily 
imaged with the SEM (Fig. 28) . 
Beauveria bassiana The ultrastructural character­
istics of B. bassiana hyphae on the leaf surface can be 
examined in Figures 46 and 47. The hyphal organelles include 
mitochondria, small vesicles, and fungal septa. 
Penetration Sites Beauveria bassiana conidia 
initially adhere to the epidermal cell wall waxy surface. 
Conventional preparation techniques remove the surface wax and 
the conidia appear to be separated from the cell wall by a 
small distance (Fig. 48). Hyphae may take advantage of 
stomata openings to gain access into the leaf interior. 
Figures 40-42. Conidia and penetration sites on O. 
nubilalis larvae. 
Fig. 40. Two conidia after inoculation on larval 
cuticle. Bar = 2 (im. 
Fig. 41. Hyphal tip and penetration site. 
Bar = 1 Jim. 
Fig. 42. Two terminal hyphae ends and penetration 
sites. Bar = 1 |im. 
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Figures 43-44. Views of maize leaf epidermis and 
mesophyll cells. 
Fig. 43. Leaf epidermis (at left side) and 
mesophyll cells. Bar = 3 |im. 
Fig. 44. Mesophyll cell and cytoplasmic organelles 
in peripheral cytoplasm. Bar = 3 |j.m. 
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Figures 45-47. Views of maize leaf nucleus and S. 
bassiana hyphae on surface and inside 
leaf. 
Fig. 45. Mesophyll cell nucleus, mitochondria and 
plastid. Bar = 1 |im. 
Fig. 46. Hyphae on leaf surface. Mitochondria (m) , 
nucleus (nu) , septum (s) . Bar = 2 |im. 
Fig. 47. Hypha in leaf airspace between mesophyll 
cells. Hypha (h) . Bar = 2 |J.m. 
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Stomatal penetration occurred only when conidia adhered to the 
leaf surface near stomata or the spreading hyphae happened to 
encounter an open stomate (Fig. 49) . This is an uncommon way 
for B. bassiana to enter the maize leaf. The typical method 
of invasion is directly through the epidermal cell wall and 
into the leaf interior most often at the junction of two 
epidermal cells. Figure 50 illustrates the complex 
ultrastructure of the corn leaf epideirmal cell wall around a 
penetration hole formed by a B. bassiana hyphae. Further 
i 
examination portrayed penetration sites through the cuticle as 
the hyphae penetrated the cell wall and moved into the cell 
and/or intracellular spaces (Figs. 51, 52). All penetration 
sites observed had a narrow neck region and distortion of the 
plant cell wall cuticular ultrastructure was visible. Figures 
53-55 show selected views of a serially sectioned penetration 
site. Sometimes fungal hyphae appeared to penetrate at 
epidermal cell wall junctions (Fig. 56) . 
Penetration through the maize epideirmal cell wall shows 
that the plant cell wall is completely breached and the hyphae 
grow through the hole (Figs. 57, 58). Beauveria bassiana 
hyphae have a perforate septum and woronin body (Fig. 59). 
Examination of fungal hyphae inside the leaf shows hyphae 
growing in the air spaces between parenchyma cells. No 
instances of haustorium formation were obseirved during this 
microscopic study of the contact between B. bassiana and 
Figures 48-52. Views of conidia and hyphae. 
Fig. 48. Leaf epidermal cell wall and conidium. 
Wax cuticular layer has been removed 
during processing. Bar = 1 fim. 
Fig. 49. Stomate (st) with invading lyphae (h) . 
Bar = 5 |im. 
Fig. 50. Hypha (h) penetrating epidermal cell 
wall (cw) . Bar = 1 fim. 
Fig. 51. Fungal hypha penetrating epidermal cell. 
Bar = 1 fj.m. 
Fig. 52. Epidearmal cell wall and fungal hyphae. 
Hypha has penetrated through wall as 
shown in the oblique section. Bar = 1 (im. 
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Figures 53-57. Serial sections of penetration site 
through epidermal cell wall and fungal 
hyphae at cell wall junction. 
Fig. 53. Hyphae (h) beginning penetration at cell 
wall (cw) . Bar = 0.5 fxm. 
Fig. 54. Hypha (h) penetrating cell wall (cw) and 
entering cytoplasm. Bar = 0.5 (am. 
Fig. 55. Hypha (h) growing through cell wall (cw) 
and has entered cytoplasm. Bar = 0.5 |am. 
Fig. 56. Hypha appearing to begin penetration site 
at cell wall junction. Bar = 1 |im. 
Fig. 57. High magnification view of hyphal 
penetration site through cell wall. 
Bar = 0.25 ^m. 
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Figures 58-59. Hyphae penetrating cell wall and hyphal 
septum and organelles. 
Fig. 58: Penetration site showing hypha through 
cell wall (cw). Mitochondria (m) , nucleus 
(nu) . Bar = 0.25 |im. 
Fig. 59. Hyphal mitochondria (m) , endoplasmic 
reticulum (er) and septum (s) . Woronin 
body to right of septum. Bar = 0.25 fim. 
pfet 
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maize. The fungal hyphae appeared to spread throughout the 
leaf air spaces and occasionally penetrate a cell. 
Transportation within Maize 
Other studies (Bing and Lewis, 1991; 1992a,b; 1993) have 
documented the presence of B. bassiana throughout the corn 
plant including the leaves and stalk. Beauveria bassiana must 
utilize some transportation mechanism within maize to enable 
it to spread throughout the plant. A close examination of the 
vascular tissues (xylem and phloem) using light and electron 
microscopy was performed to elucidate whether the vascular 
tissue was involved in transportation. 
Light Microscopy 
Hyphae were readily observed growing over the surface of 
maize leaves in both cleared specimens, resin sections and 
with the SEM. Occasionally in cleared specimens, hyphae could 
be seen at a level well below the epidermis. Because of the 
specimen thickness, clear micrographs of hyphae within the 
leaves were harder to obtain using fresh or cleared specimens. 
Using sectioned material, however, fungal hyphae could be 
observed in different vascular tissues. Fungal hyphae were 
observed inside the xylem of the maize leaf (Fig. 60) . 
Utilization of the vascular tissue as a method of dispersal 
Figures 60-61. Hyphae in maize leaf xylem vessels. 
Fig. 60: Hyphae (h) in xylem vessels. 
Bar = 10 {im. 
Fig. 61. TEM of hyphae (h) in xylem vessels. 
Bar = 1 )j.m. 
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would allow the fungus to spread throughout the plant. There 
was no evidence of B. bassiana conidia within the xylem cells. 
Electron Microscopy 
Beauveria bassiana hyphae were also observed in the xylem 
vessels with the TEM (Fig. 61) . Xylem cells are connected 
end-to-end to facilitate water transport throughout plants. 
This continuous path may provide a pathway for B. bassiana to 
travel the length of the plant and invade other areas not 
accessible from the primary inoculation point. This fungus 
may be able to travel from the leaf to stalk via the vascular 
tissues and, therefore, colonize the entire plant. 
Extracellular Matrix 
Many fungi associated with plants can produce an 
extracellular matrix either prior to or after germination. 
Among plant pathogenic fungi, this secretion from spores, germ 
tubes, and appressoria are believed to facilitate the fungus 
adhering to the plant surface. Several procedures 
encompassing light and electron microscopy were used to 
observe whether B. bassiana produced any extracellular matrix. 
Light Microscopy 
Positive staining dyes aniline blue, Coomassie blue, 
nigrosin, alcian blue and trypan blue as well as fluorescent 
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dyes Calcofluor white M2R, Con A and WGA conjugated with 
Oregon Green were utilized to detect the presence of any-
extracellular matrix or secretions. Coomassie brillant blue, 
nigrosin and alcian blue indicate the presence of proteins and 
acid tnycopolysaccharides, respectively (Bancroft, 1975; Kohn, 
1987). 
Results from using the previously mentioned positive 
staining dyes were mixed. Coomassie blue stained the germ 
tube and hyphae of S. bassiana (Fig. 62) . Nigrosin also 
lightly stained the conidia (Fig. 63). Neither alcian blue 
nor trypan blue stained the conidia, germ tubes or hyphae. No 
extracellular material could be observed with the light 
microscope using these positive stains for proteins. The 
fluorescent dye Calcofluor white moderately stained the fungal 
mycelia cell walls (chitin) and was used successfully to 
record some of the developmental stages (see Figs. 19, 20) . 
Once conidia were hydrophobically attracted to the 
cuticle, other specific recognition systems, such as 
glycosaccharides, may strengthen the attachment and facilitate 
subsequent conidial germination (Latge et al. 1988). The 
lectins Con A and WGA conjugated with Oregon Green fluorescent 
dye were employed to observe whether B. bassiana germ tubes 
and/or hyphae would produce a positive reaction. Neither Con 
A nor WGA showed positive fluorescence with aerial and 
submerged conidia to indicate the presence of sugar-specific 
carbohydrates. 
Figures 62-63. Staining of conidia and hyphae using protein 
stains. 
Fig. 62: Comassie blue staining of conidia. 
Bar = 40 |j,m. 
Fig. 63. Nigrosin staining of conidia. 
Bar = 40 ^m. 
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Another method of observing wall sugars and/or 
extracellular material was initiated using labeled Con A and 
WGA. It was felt that a more specific and sensitive technique 
afforded by these reagents may have provided more positive 
results. However, this was not the case as the results were 
negative. 
Electron Microscopy 
Although many micrographs were taken with the SEM and 
TEM, there was no evidence of extracellular material being 
produced by B. bassiana conidia germ tabes or hyphae on the 
surface of maize leaves. Cryoprepared specimens for the SEM 
also indicated no extracellular matrix production. 
Virulence Studies 
MacLeod (1954) questioned whether growing B. bassiana on 
artificial media coincided with a loss of virulence by the 
fungus as a parasite on insects. It is known that in some 
cases the nutrient elements in culture media have a great 
influence on preservation or loss of parasitism. Virulence of 
B. bassiana against O. nubilalis was checked prior to the 
inoculation of the maize leaves by infecting 5th instars of 0. 
nubilalis with conidia and rearing the larvae in the 
laboratory. Figure 64 illustrates the results of four 
replications testing the virulence of B. bassiana against O. 
Figure 64, Percent mortality against fifth-instar 0. nubilalis using B. bassiana 
cultured from infected inssects from the soil and from insect cadavers 
from maize stems. Bars show standard errors. (F=4.50; df=21; P<0.05). 
Mortality Studies using B. bassiana Isolated from Infected Larvae 
in Maize Stems and from Original Culture 




nubilalis using conidia isolated from insect cadavers inside 
maize stems and grown to maturity on artificial media and 
conidia isolated from insect cadavers in the soil and grown on 
artificial media. No statistically significant differences 
(P<0.05) were noted. 
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CHAPTER 5: DISCUSSION 
Recently renewed interest in biological control and 
integrated pest management has intensified research directed 
to the role of naturally occurring fungi in the regulation 
and/or suppression of insect pests. In addition, these 
entomogenous fungi are receiving more attention as introduced 
microbial insecticides and are being identified as key natural 
mortality factors in the ecology of many important pest 
insects. 
The surface (air, soil, foliage, organic matter, or 
insect host) upon which fungal conidia or mycelia are 
deposited influences their ability to survive and subsequently 
invade tissues/substrates. Although many entomogenous fungi 
are found on foliage, very little is known concerning their 
persistence on this substrate (Roberts and Campbell, 1977). 
The vast majority of research has focused on interactions 
between phytopathogenic fungi and their plant hosts. This 
dissertation presents the first known investigation into the 
fungal/plant relationships of an entomopathogenic fungus. 
Adhesion Studies 
Beauveria. bassiana is a ubiquitous fungus found in soil 
and on phylloplanes. Conidia, the infective propagules of B. 
bassiana, are usually produced in copious amounts on 
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externally borne conidiophores. These propagules, passively 
disseminated by abiotic and biotic factors, contact their 
usual host (insects) and initiate the infection process. 
Although this study did not assess the spread of conidia 
within the microenvironment of cultivated maize, conidia can 
and will come into contact with maize plants (Bing and Lewis, 
1993) . Nicholson and Epstein (1991) stated that attachment of 
a fungus to the plant host cuticle is essential for 
penetration development and successful infection. Beauveria 
hassiana conidia, whether dry or produced in submerged 
culture, have similar hydrophobic properties, virulence toward 
insects, surface proteins and cell-wall surface 
characteristics which provide attachment to the waxy 
hydrophobic insect host cuticle (Hegedus et al., 1992). Other 
factors may also be involved in the attachment of the conidia 
to the host such as electrostatic forces, mucus, lectins or 
adhesives (Boucias and Pendland, 1991). Several experiments 
were designed to test B. hassiana conidial adhesion on maize 
leaves and artificial substrates. 
Maize Leaves 
Nicholson (1984) used the term attachment to describe all 
mechanical and chemical mechanisms through which fungal 
propagules attach to the host cuticle. He also suggested 
adhesion should be used to describe attachment which requires 
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either adhesive materials or modification of the cuticle by 
the fungxis. In the present research, adhesion assay 
experiments performed with B. bassiana. conidia on maize leaves 
showed attachment to occur quite rapidly and firmly whether 
using dry conidia or conidia in an aqueous suspension. 
Adhesion to the leaf and a similar hydrophobic surface 
(polystyrene) was quick and predictable even when using 
nonviable conidia. Two methods of reducing hydrophobic 
interactions were tested to observe what impact they had on 
adhesion rates. Conidia in suspension with and without the 
detergent Tween 80 were tested. These experiments illustrate 
that the hydrophobic properties previously accorded B. 
bassiana conidia (Boucias and Pendland, 1991) seem to be 
suited for attachment to maize leaves. 
Initially it was considered that conidial attachment was 
purely a chance event resulting from physical entrapment of 
the propagule on the substrate. Current thought is that 
attachment may involve an active process of secretion of 
adhesive materials by a fungus that in some cases are highly 
specific for the recognition of, and binding to, a particular 
host species (Nicholson and Epstein, 1991). Adhesive 
production may occur at a specific stage of conidium 
development (Braun and Howard, 1994). Secretion of adhesive 
materials that may be highly specific for recognition of and 
binding to a particular host species has been documented by 
Gold and Mendgen (1991) with the plant pathogenic fungus 
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Uromyces viciae-fabae, but may best be considered a general 
phenomenon for the establishment of the fungus prior to 
penetration. 
In the present study there was no evidence, using light 
and electron microscopic techniques, that B. hassiana produced 
an extracellular matrix sometimes associated with phyto-
pathogenic fungi and their attachment to plants. Although 
there have been a number of studies which have implicated 
lectins in adhesion of pathogenic fungi to plant surfaces 
(Furuichi et al., 1980; Hohland and Balsiger, 1986), this is 
not the case for all fungi (Nicholson, 1984; Hamer et al., 
1988) . 
Experiments attempting to label carbohydrates and sugars 
known to occur on B. hassiana were unsuccessful. It may be 
that this strain of B. hassiana does not have the chemical 
components found on other strains or such components are 
present in undetectable quantities using the methods in this 
study. 
In view of the hydrophobic nature of many fungal conidia, 
particularly airborn types (Fisher et al., 1972), it would not 
be surprising if the chemical and physical properties of the 
fungal spore wall had a direct relationship to adhesion. Much 
of the recent work on fungal adhesion has addressed the 
related questions of surface recognition and pathogen-host 
specificity (Nicholson and Epstein, 1991). The lack of 
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specificity in adhesion observed with the conidia of B. 
bassiana is consistent with the suggestion by Jones and 
Epstein (1989) that fungal pathogens that attack the aerial 
portions of plants, unlike root pathogens, may not require the 
presence of specific chemical compounds for attachment. 
It has been suggested that the rodlet layer present on B. 
bassiana conidia (Thomas et al., 1988) functions to protect 
against dehydration (Sassan et al., 1967), provide water-
repellent properties (Hess et al., 1968), or serve in the 
aerial dispersal of the conidia (Beever and Dempsey, 1978) . 
Infection in entomopathogenic fungi is transcuticular and 
adhesion of conidia to the waxy, hydrophobic insect cuticle is 
essential for subsequent invasion and establishment. It is 
thought the major role of the rodlet layer is the attachment 
of the conidia to the cuticle, a process mediated by 
hydrophobic interactions (Boucias et al., 1988; Boucias and 
Pendland, 1991). These findings suggest strongly that 
conidial attachment is passive, involving neither the 
synthesis or release of adhesive material. Therefore, it is 
believed that the strongly hydrophobic nature of B. bassiana 
conidia is responsible for the fiirm attachment to maize leaves 
and other artificial substrates including insect host 
surfaces. 
Due to the difficulty in measuring numbers of attached 
conidia on the maize leaf surface, two artificial substrates 
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were tested and compared to maize to see if either could be 
used as a substitute. The previous assays confi2rmed that 
conidia adhered to the maize leaf surface via hydrophobic 
interactions. The following discusses the adhesion assays 
perfomned on artificial substrates. 
Artificial Substrates 
Adhesion assays using conidia on the artificial 
substrates glass and polystyrene were completed using aerial 
conidia, conidia in solution with and without a detergent 
(Tween 80 ) , and nonviable conidia. Polystyrene is a 
substratum previously used by others to study conidial 
adhesion (Jones and Epstein, 1989; Sela-Buurlage at al., 1991; 
Young and Kauss, 1984; Braun and Howard, 1994a,b). Because of 
the similar hydrophobicity and similar adhesion percentage 
using polystyrene and maize, polystyrene was chosen as the 
substrate to further test the hypothesis that the conidia 
attach to surfaces initially through hydrophobic interactions. 
Several lines of evidence suggest that immediate adhesion 
of B. bassiana conidia is passive and is dependent, at least 
in part, on hydrophobic interactions. First, adhesion 
occurred as rapidly after initial contact as measurements 
could be made on highly hydrophobic substrates (Fig. 9), 
suggesting that metabolism is not required. Second, even 
nonviable conidia (Fig. 11) were capable of adhering. Third, 
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nearly all B. hassiana conidia were partitioned into the 
organic phase during a phase distribution test, indicating 
their very hydrophobic nature (Mozes and Rouxhet, 1987). 
Finally, a substrate with increased surface hydrophobicity 
(polystyrene) had a direct positive influence on conidial 
adhesion when compared to a less hydrophobic substrate such as 
glass. When using glass, the adhesion rate was reduced. This 
would be expected if the hydrophobic property of S. bassiana 
conidia is the major mechanism of attachment. 
Reducing the hydrophobicity of conidia in solution by the 
addition of Tween 80 did not appreciably change the adhesion 
rate on polystyrene. Similarly, using nonviable conidia on 
polystyrene compared favorably to the adhesion rates of viable 
conidia on maize. All these tests lead to the conclusion that 
the natural hydrophobicity of B. bassiana conidia are well 
suited to attachment on polystyrene. When polystyrene was 
subjected to glow discharge in the vacuum evaporator, 
rendering a net negative charge to the surface, adhesion rates 
were lower than when using polystyrene which had not been 
subjected to glow discharge. This was expected as B. bassiana 
conidia are negatively charged. Passive attachment of 
phytopathogenic fungal conidia to the host cuticle may be a 
result of strong binding forces involving hydrophobic and 
electrostatic interactions as documented by (Nicholson and 
Epstein, 1991) . Because the plant surface and polystyrene are 
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chemically different, adhesion must be based on physical 
surface properties rather than group-specific binding sites. 
The hydrophobic and electrostatic bonds associated with B. 
bassiana conidia seem to be well suited for attachment to 
plant cuticular surfaces. 
Comparison of the mean adhesion rates of B. bassiana dry 
conidia on glass, maize and polystyrene was performed using 
the Duncan's multiple range test (Table 2). These results 
show that dry conidia adhesion rates on maize and polystyrene 
were not significantly different, but are significantly 
different when compared to glass, a substrate with a much 
lower hydrophobicity. Adhesion assays using conidial 
suspensions resulted in a similar relationship when comparing 
glass, maize and polystyrene (Table 3). These results 
confirmed that polystyrene could be substituted as the 
substrate for adhesion assays and the results from such 
experiments could be equated to experimental results involving 
maize leaves. 
Insects 
Several entomopathogenic species of fungi produce dry-
hydrophobic to sticky-hydrophobic conidia (Boucias and 
Pendland, 1991) . For example, the fungus N. rileyi, also a 
pathogen of lepidepteran larvae, produces extremely 
hydrophobic conidia as does S. bassiana. Erect conidiophores 
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bearing hydrophobic conidia are produced on dead insect 
cadavers and facilitate spread of the conidia. The attachment 
of the fungal propagule to the host cuticle is mediated by the 
chemical components present on the outer layer of the spore 
wall and epicuticle. The attachment of entomogenous fungi to 
terrestrial hosts is mediated by a potential complex of 
specific (enzymes) and nonspecific (electrostatic or 
hydrophobic) interactions (Fargues, 1984) . Detailed 
examinations of the processes involved in this attachment has 
been reported in only a few fungal-insect systems (Travland, 
1979; Michel, 1981; Latge et al. , 1988; Boucias et al. , 1988). 
The entomopathogenic fungi N. rileyi, M. anisopliae, 
Paecilomyces fumoso-roseus, and S. hassiana all possess an 
outer layer of rodlets on their dry conidia. Other fungi have 
been reported to contain a rodlet layer covering the dry 
conidia including Neurospora (Hallet and Beever, 1981) , 
Syncephalastrun racemosum (Hobot and Gull, 1981) and 
Coccidiodes iwmitis (Cole et al., 1983) . In general, the 
rodlet layer seirves to protect fungal spores against biotic 
and abiotic degradation. The chemical composition of the 
rodlet layer varies among species with the major components 
being protein, lipoprotein, glycoprotein or polysaccharide 
(Hashimoto et al., 1976; Smucker and Pfister, 1978). The B. 
hassiana rodlet protein resembled features found in fungal 
hydrophobins: a low-molecular weight protein which was SDS-
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insoluble, soluble in formic acid, and when oxidized with 
performic acid the resultant protein was of higher molecular 
weight (de Vries et a.1., 1993; Bidochka et al. , 1994). 
Adhesion to the arthropod host cuticle represents the initial 
stage of infection. Many conidia-host interactions depend on 
passive, nonspecific mechanisms to contact and adhere to the 
specific host. 
Passive attachment of dry hydrophobic conidia, such as B. 
bassiana, is a result of strong binding forces involving 
hydrophobic interactions and to a lesser extent electrostatic 
interactions. Sugars and various enzymes detected on the 
conidial surface are not believed to play a role in the 
initial attachment. The rodlet layer of some entomopathogenic 
fungi have been reported to protect against dehydration and to 
serve in the aerial dispersal of conidia (Sasson et al., 1967; 
Beever and Dempsey, 1978) . However, the major role of this 
layer may be the attachment of conidia to host cuticle 
(Boucias and Pendland, 1991). Detergents and solvents known 
to neutralize hydrophobic interactions reduced adhesion when 
added to conidial suspensions prior to incubation with insect 
cuticle (Boucias et al. , 1988). This interaction, while 
nonspecific, does provide a mechanism for preferential 
adhesion of conidia to the epicuticle or similar substrates. 
Adhesion assays demonstrated that B. bassiana conidia 
adhere with greater tenacity to more hydrophobic surfaces 
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(i.e. maize leaves and polystyrene) than glass. This trait is 
found in several plant pathogenic fungi including Magnaporthe 
grisea (Hamer et al., 1988) and Botrytis cinerea (Doss, 1993). 
The assays also demonstrated that a gradual increase in 
percentage adhesion rates over time was independent of the 
substrate hydrophobicity. The significance of this gradual 
increase in adhesion rate is unclear with regard to studies 
which show other pathogenic fungi with a similar trait 
extruding some sort of extracellular matrix substance (s) . 
Beauveria bassiana does not secrete any substances as far as 
could detemnined in this study, and one may expect an initial 
adhesion rate to be high and/or remain fairly steady over time 
based on electrostatic and hydrophobic interactions alone. 
The adhesion assays seem to confizTn that initial 
attachment is a result of hydrophobic interactions between 
maize cuticle and B. bassiana conidia. The initial high 
adhesion rate of aerial conidia on maize along with the 
results using aqueous solutions, detergents and nonviable 
conidia indicate that this fungus reacts similarly to a 
variety of natural and artificial substrates. The absence of 
any detectable extracellular material adds credibility to the 
conclusion that hydrophobic interactions play an important 
role in B. bassiana conidial adhesion. 
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Conidlal Germination and Hyphal Growth 
Many fungal pathogens of plants and insects produce dry, 
wind-borne conidia that must attach to the hydrophobic outer 
surfaces of their intended host before germination and 
colonization. Attachment of the conidia to the maize leaf may 
elicit several responses in which the conidia may (1) not 
geirminate; (2) produce nonpenetrant hyphae; or (3) produce 
hyphae which penetrate the leaf cuticle. 
Germination 
The germination of B. bassiana conidia were observed 
under several different conditions utilizing several 
methodologies. After initial attachment, the Stage I shrunken 
and dry conidia imbibed moisture over a period of 24 to 48 
hours. At this second stage of development (swollen conidia), 
no adhesive material was observed attaching the conidia to the 
maize cuticular surface. Stage III of development is 
delineated by the emergence of the germ tube. 
For some phytopathogenic fungi, electron microscopic 
evidence suggests that adhesive-like substances may be present 
either at the point of germ tube emergence (Jacobi et al. , 
1982), in specific regions along the hyphae (Akai and Ishida, 
1968) , or at the germ tube tip just prior to penetration 
(McKeen, 1974; Braun and Howard, 1994) . In this study, light 
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microscopic techniques utilizing fluorescent stains failed to 
elucidate any adhesive-like substances involved with B. 
bassiana attachment to any substrates. 
Although other researchers have reported positive results 
in locating cell wall surface carbohydrates on the surface of 
B. bassiana (Hegedus et al., 1992), lectins were not 
demonstrated in this study. Whether the presence or absence 
of these surface lectins is a result of different fungal 
strains is not known. 
Similar attachment mechanisms may serve to anchor the 
propagule to the plant surface (Hamer et al., 1988) and may be 
required for host recognition and fungal development (Epstein 
et al., 1987; Hardham and Suzaki, 1986) . Deposition mediated 
by chemical and/or physical mechanisms may be important in the 
initial process of attachment by S. bassiana conidia to the 
maize leaf cuticular surface. 
Hyphal Growth 
Growth of fungal cells in response to plant surfaces 
occurs in a wide range of fungi. Stomatal penetrating fungi 
represent a group of phytopathogens that have evolved 
extremely sensitive and precise mechanisms for perceiving the 
correct site to develop infection structures. The most 
notable morphological requirement described to date is that of 
the height of the guard cell lip of bean that triggers the 
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initiation of appressorium formation in the rust fungus 
Uromyces appendiculatus (Pers.:Pers.) Unger (Wynn and Staples, 
1981; Hoch and Staples, 1991). These processes are known as 
thigmotropism (movement) and thigmodifferentiation 
(development) . Most phytopathogenic fungi gain access into 
their host by penetration of unwounded tissue, although some, 
such as msts, invade the host via stomata. Phytopathogenic 
fungi utilizing the direct penetration method (Hau and Rush, 
1982) encounter the plant cuticle. 
Germination and host penetration of rust urediospores 
have been, because of their significance as plant disease 
organisms, extensively studied and reviewed (Mendgen et al., 
1988; Hoch and Staples, 1991). These studies serve as a 
background for the events associated with the invasion of 
maize leaves by B. bassiana. Beauveria bassiana hyphae grow 
randomly across the surface of maize leaves until surface 
growth terminates. Infection sites are indicated by these 
apparently terminal hyphae. The present study suggests that 
B. bassiana does not require precise orientation as do rust 
fungi to invade the maize plant. However, if a natural 
opening presents itself (e.g. stomata), B. bassiana may use 
this avenue and invade the plant (Epstein et al., 1987). 
The present study suggests that after conidia are 
deposited on the leaf surface, germination may follow two 
characteristic forms: either relatively short hyphal growth 
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followed by penetration or extensive mycelial growth and 
branching which may or may not teinninate in penetration sites. 
Penetration of the plant cuticle may be aided by the 
mechanical force exerted by the infection structure (Bidochka 
and Khachatourians, 1991), or require the enzymatic 
dissolution of the cuticle, or a combination of both (Perron, 
1978; Kolattukudy, 1984b) . Some evidence for both models has 
been based on ultrastructural observations (Roller, 1991) . 
Penetration Process 
Current research has utilized assay techniques to identify 
specific enzymes involved in the penetration process. Cutin 
degrading enzymes have been postulated to be involved in the 
interaction between phytopathogenic fungi and their hosts (van 
den Ende and Linskens, 1974) . Recently, studies have 
supported the importance of cutinase in plant invasion 
(Kolattukudy, 1984a) . The presence of cutinase in the 
extracellular fluids of cultured phytopathogenic fungi is 
consistent with the hypothesis that cuticular penetration of 
infection structures involves enzymatic degradation of cutin 
(Kolattukudy and Koller, 1983) . A phytopathogenic fungus has 
to breach two major physical barriers before it can invade a 
plant tissue. After breaching the cuticle barrier, the fungus 
encounters the cell wall. Therefore, successful penetration 
requires cutinase and cell wall-degrading enzymes. Cutinase 
has been purified from a number of fungal pathogens including 
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Fusarium solani pisi (F.R. Jones) W. C. Snyder & H. H. Hans., 
H. sativum, Botrytis cineria Pers.:Fr., and B. bassiana (St. 
Leger et al. , 1993) . Beauveria bassiana may utilize this 
enzyme during the penetration process against maize leaves. 
Although the histopathology of B. bassiana on insects has 
been investigated for more than a century, it is only recently 
that the nature of the mechanisms involved has begun to be 
understood, primarily because of electron microscopic studies 
dealing with surface-inoculated material (Atuahene and 
Doppelreiter, 1982; Lecuona et al., 1991) . Infection by B. 
bassiana has been shown to require direct penetration of the 
insect host integument by growing hyphae, apparently 
facilitated by both mechanical and enzymatic activity (De 
Ba2ry, 1867; Lefebvre, 1934; Vey and Fargues, 1977; Pekrul and 
Grula, 1979; Pendland and Boucias, 1986; Boucias and Pendland, 
1991). 
Several studies have shown that a spectrum of enzyme 
activities were detected in conidial preparations of B. 
bassiana against insect cuticle (Samsinakova et al., 1971; 
Grula et al. , 1978; Pekrul and Grula, 1979; St. Leger et al. , 
1986a,b; 1987; 1993; Boucias and Pendland, 1991). Fargues 
(1984) speculated that the enzymes present on the conidial 
surface may assist in the consolidation of the conidia on the 
cuticular surface. Potentially, the primary function of many 
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of the enzymes associated with conidia, including those of B. 
bassiajia, are to hydrolyze the epi-cuticular wax layer and 
provide nutrients required for germ tiobe formation. The 
disappearance of the wax layer beneath appressoria of M. 
anisopliae on wireworm cuticle indicates enzyme activity 
(Zachairuk, 1981) as does the circular holes around germ tubes 
of B. bassiana. at the point of entry into the larvae of H. zea 
(Pekrul and Grula, 1979). Similar distortions of the cell 
wall around B. bassiana penetration sites suggest similar 
enzyme activity. Beauveria bassiana conidia have the 
potential to produce enzymes which facilitate adhesion and 
penetration on insect cuticle. 
Beauveria bassiana exhibited no appressorial-like 
structures at the penetration site on maize leaves in this 
study. In a study on the infection of the corn earworm by B. 
bassiana, Pekrul and Grula (1979), using SEM depicted direct 
penetration of the insect integument without appressorial 
formation. However, B. bassiana has been shown to form 
appressoria on the cuticle of some host insects such as O. 
nubilalis and Melolontha welolontha (Lecuona et al. , 1991) and 
Leptinotarsa decemlineata (Fargues and Vey, 1974; Vey and 
Fargues, 1977) . Beauveria bassiana penetrates directly 
through the maize leaf with the infection hyphae sharply 
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constricted in the passage area through the cuticle, 
suggesting that penetration occurs through a small hole 
produced, in part, by enzymatic activity. Gray et al. (1982) 
suggested that enzyme activity was at least partially 
responsible for host penetration between the fungus Cronartium 
fusiforme on loblolly pine. If so, this activity must be 
sharply localized for the cuticle to retain sufficient 
toughness to restrict lateral expansion of the fungal hyphae. 
Swelling, distortion, and changes in staining properties of 
host cell walls, presumably, reflect the activity of cell wall 
degrading enzymes produced by the plant and/or the pathogen. 
The similar involvement of enzymatic action in hyphal 
penetration has been reported in Phytophthora infestans 
(Mont.) de Bary on potato leaves (Shimony and Friend, 1975) 
and Aspergillus amstelodami (Mang.) Thorn 4c Church on canola 
seeds (Mills et al., 1982). 
In some plant fungal pathogens, oxalic acid ties up 
calcium in the pectates of the bean cell wall thus making the 
substrate amenable to hydrolysis by polygalacturonase (Bateman 
and Beer, 1965) . Calcium oxalate crystals have been observed 
on sugar beet leaves infected by the phytopathogenic fungus 
Sclerotium rolfsii (Punja and Jenkins, 1984). Similarly, 
calcium oxalate crystals have been observed on the surface of 
insects infected with B. bassiana (Dresner, 1950) . Oxalic 
acid alone caused marked injury of bean hypocotyls (Bateman 
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and Beer, 1965) and oxalic acid is toxic to some plants 
(Franceschi and Homer, 1980) . 
After B. bassiana penetrates maize, the primary hyphae 
develop rapidly into a branched, multicellular mycelial 
network. Hyphae may grow directly into neighboring epidermal 
cells and subtending palisade parenchyma and/or grow into 
intercellular spaces. In this study, no conidial formation or 
emergence of B. bassiana in or from the maize plant tissues 
was observed. This does not rule out the possibility that 
conidia formation may occur, just that it was not observed 
during this study. 
Transport Mechcmisms in Maize 
Studies have shown that after being injected, B. bassiana 
colonizes and moves within the maize plant (Bing and Lewis, 
1991; 1992b) . These studies show that most of these plants 
were colonized at the injection site and B. bassiana was 
isolated from the node above the injection site. Beauveria 
bassiana was rarely isolated from plant tissue at the node 
below the injection site or leaf collar at the primary ear in 
the previously mentioned studies. The majority of fungal 
isolates were found in the maize stalk pith region (Bing and 
Lewis, 1991) . These results support the idea proposed by 
Bartlett and Lefebvre (1934) that the succulent pith inside 
maize is ideal for growth of B. bassiana. 
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Xylem is a complex tissue that has many functions in a 
plant: conduction of water and solutes, mechanical support, 
and storage (Mauseth, 1988). In grasses there is a prominent 
midrib of vascular tissue in the leaf. The long, parallel 
veins are not independent of each other, but are 
interconnected by very fine commissural bundles that run 
perpendicular to the large veins, linking them. The leaf base 
in monocots has a broad attachment to the stem, usually 
completely encircling it and forming a sheath. All the leaf 
veins enter the stem, providing an extensive vascular 
connection (Mauseth, 1988). The largest bundles penetrate to 
the center of the stem, then turn downward and connect with 
the axial bundles (Fahn, 1990) . As they traverse the stem, 
they form bridges with adjacent bundles. Veins of 
intermediate size penetrate into the stem far enough to make 
direct contact with the bridges of the outermost axial bundles 
(Kumazawa, 1961) . Vessel to vessel continuity is provided by 
the occurrence of pits in xylem cell walls, allowing efficient 
water transport. 
The movement of this fungus within maize is poorly 
understood. Perhaps movement within maize can be attributed 
to passive movement of B. bassiana within the xylem system. 
Beauveria bassiana could spread actively within the plant 
through mycelial growth, or move passively by conidial 
transfer through the vascular tissues. In this study B. 
bassiana hyphae were seen within the vascular elements of the 
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xylem and theoretically could move throughout the plant via 
the interconnecting xylem tissues to colonize the entire 
plant. Not all xylem vessels contained hyphae. The presence 
of hyphae within the leaf xylem was observed within four days 
after colonization. In view of the low numbers of penetrating 
hyphae from the leaf surface, the presence of hyphae within 
the leaf xylem cells shows that colonization may occur from 
just a few successful penetration sites and the fungus can 
access this transport system rather rapidly and successfully. 
The surface of colonized leaves exhibited no macroscopic 
symptoms indicating ill health compared to norm.al, uninfected 
leaves. This suggests that xylem vessels containing fungal 
hyphae are still functional or that other, uninfected vessels 
are able to compensate for vessels plugged with hyphal 
elements. 
Virulence 
The S. bassiana. strain used throughout this study was 
originally isolated from the soil. During this study, this 
strain had been cultured through several generations on 
artificial media and passed through an insect host (0. 
nubilalis). Repeated experiments testing the virulence of 
this strain have always resulted in mortality to fifth instar 
O. nubilalis. 
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It has been reported that culturing fungi on artificial 
media can influence fungal virulence (Thomas et al., 1987). 
Beauveria bassiana isolated from maize pith was tested against 
insects after producing conidia on an artificial medium. 
Mortality studies have utilized conidia, therefore, an initial 
passage on media is necessary for the production of conidia 
from B. bassiana isolated from maize. No conidia were 
observed to be formed within the maize plant following 
infection nor on the surface from the hyphae. 
The virulence of this strain to European corn borer did 
not significantly change whether isolated from insect cadavers 
in the soil, or from insect cadavers inside maize plants. 
Also it seems that growth on artificial media did not 
influence virulence because B. bassiana consistently 
maintained its pathogenicity towards O. nubilalis. 
ComparisorL of Beauveria bassiana Adhesion and Penetration 
Mechanisms in Insects and Maize 
Research on the attachment of Af. anisopliae, N. rileyi, 
and S. bassiana to insects has shown that conidia of these 
fungi are extremely hydrophobic, possess sugar-binding 
proteins associated with conidial walls, and an overall net 
negative charge (Boucias et al., 1988). 
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Beauveria bassiana dry conidia is the life cycle stage 
involved with dispersal in the environment. Wind-borne 
conidia may be easily dispersed throughout the maize 
agroecosystem, both in the soil and phylloplane. Studies 
indicate that while the rodlet layer on conidial walls is 
hydrophobic and capable of binding to the insect cuticle, the 
underlying layers of the conidial walls also contain 
hydrophobic proteins which are capable of adhering the conidia 
to the cuticle surface (Boucias and Pendland, 19 91) . These 
conidia possess a hydrophobic surface which presumably 
interacts with the cuticular surface of the maize leaf in much 
the same manner as these conidia attach to insect cuticle. 
Freshly harvested conidia used in this study are very 
hydrophobic. Immediate adhesion did not involve specific 
conidial attachment structures (extracellular matrix) as seen 
with some other pathogen/plant interactions. Evidence 
suggests that immediate adhesion of B. bassiana conidia 
depends, at least in part, on hydrophobic interactions between 
the conidia surface and substatum, be it plant or insect 
cuticle. The results suggest a similar mechanism for conidia 
adhesion to the plant surface and to polystyrene, involving 
purely physical surface properties (hydrophobicity and 
electrostatic attraction). The percentage adhesion between 
maize and polystyrene was similar, suggesting that the 
mechanism of adhesion to both surfaces is the same. Because 
the maize surface and polystyrene are chemically different, 
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adhesion must be based on physical surface properties rather 
than group-specific binding sites. The ability of respiratory 
inhibitors to influence the adhesion of conidia on maize, 
indicates some requirement for metabolic activity, which may 
be necessary for the secretion or synthesis of adhesive 
material at the conidial surface. Such secretion if present, 
was never observed in this study, even when utilizing modern 
light and electron microscopic techniques. 
The attachment of the fungal conidia to the insect cuticle 
is mediated by the chemical components present on the outer 
layers of the spore wall and epicuticle of the target insect. 
Entomopathogenic fungal attachment is mediated by a complex of 
specific (e.g. glycoprotein, enzyme) and nonspecific (e.g. 
electrostatic or hydrophobic) recognition systems (Fargues, 
1984) . 
From a pathogen-plant viewpoint, there are two important 
attributes of cell walls: mechanical strength and 
permeability to water, ions, and larger molecules (enzymes). 
The porosity of the wall is important because of its potential 
role in recognition phenomenon, enzymatic penetration, and 
fungal nutrition (Aist, 1983; Ride, 1983). 
In screening B. bassiana, M. anisopliae, and N. rileyi 
with commercially available substrates, a spectrum of enzyme 
activities have been detected from conidial preparations 
(Boucias and Pendland, 1991). These enzymes included alkaline 
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phosphatase, esterase lipase {C8), leucine aminopeptidase, and 
phosphatase; phosphohydrolase, and N-Acetyl-P-glucosaminidase. 
An extracellular protease of B. bassiana has been implicated 
as part of the infection process in Galleria mellonella 
(Samsinakova et al., 1971). Bidochka and Khachatourians 
(1987; 1988) characterized an extracellular protease produced 
by B. bassiana. Such exoenzymes, by selectively degrading the 
cuticle, may further consolidate the infection structures to 
the host cuticle. Research on the attachment of the above 
mentioned fungi has shown that these fungi do possess sugar-
binding proteins associated with conidial walls, an overall 
net negative charge, and are extremely hydrophobic (Boucias et 
al. , 1988). Experimental results here and elsewhere indicate 
that while the rodlet layer is hydrophobic and capable of 
binding to the cuticle, the underlying layers of the conidial 
walls also contain hydrophobic proteins which are capable of 
adhering conidia to the cuticle surface (Boucias and Pendland, 
1991) . Passive attachment of the hydrophobic conidia to 
insect cuticle is a result of strong binding forces involving 
hydrophobic and to a lesser extent electrostatic interactions. 
Lectins and various enzyme activities detected on the conidial 
surface are not believed to play a role in the initial 
attachment event, but may be active in the adhesion of 
conidia, germ tubes and hyphae to the cuticle surface. 
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The plant cuticle seirves as the first barrier a pathogen 
or invading fungus has to breach. There is little evidence 
for the mere physical strength of the plant cuticle as a major 
factor in plant defense. There is good evidence that the 
cuticle is penetrated by the attacking fungus before 
sequential steps of disease development are halted by the 
plant's active defense reactions (Roller, 1991) . 
Three lines of evidence; the presence of cutinase at the 
site of penetration, the greatly restricted capability of 
cutinase-deficient fungal mutants to penetrate into their 
hosts, and the antipenetrant nature of various cutinase 
inhibitors, provide conclusive evidence for the crucial role 
of cutinase in the establishment of disease inducing fungi and 
for the enzymatic dissolution of the plant cuticle during the 
penetration of plant surfaces (Roller, 1991) . The existence 
of the cutinase enzyme in B. bassiana further collaborates the 
idea of penetration into maize as a result of a joint effort 
of mechanical and chemical mechanisms. The solubilization of 
insect cuticle proteins by various acids has not been 
investigated, however, the hydrolysis of non-insect proteins 
has been investigated (Bidochka and Khachatourians, 1991). 
The mechanism of cuticle solubilization by oxalate may involve 
the loosening of protein bonds in the cuticle. In plant 
pathogens, the oxalic acid ties up calcium in the pectates of 
the cell wall. Production of oxalic acid and other 
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metabolites by S. bassiana. may play a role in both insect and 
plant cuticle penetration. 
Some preliminary studies have implicated carbohydrates and 
specific carbohydrate-binding proteins (lectins) in host 
recognition (Grula et al., 1978;), but evidence is far from 
complete. There is no evidence that all fungi bind to plant 
surfaces by the same mechanism(s) or that several binding 
mechanisms are not involved concurrently. Waite (1983) and 
Lippincott and Lippincott (1984) have summarized the 
theoretical organism-substratum binding mechanisms. 
The moirphological results presented in this study suggest 
that B. bassiana mimics the penetration method(s) used by 
other entomopathogenic fungi when colonizing maize. A clean 
circular hole has been observed around the germ tube at the 
point of penetration of the insect cuticle (Pekrul and Grula, 
1979). Studies of plant cuticle showing fungal penetration 
exhibiting a physically deformed cuticle with smooth edged 
holes were interpreted as evidence for a combined enzymatic 
dissolution and mechanical mechanism for cuticle degradation 
(Manners and Gay, 1983; Roller, 1991). The breaching of the 
maize epidermal cuticle by B. bassiana illustrates similar 
ultrastructural modifications in the area surrounding the 
penetration holes and, therefore, may be considered at least 
partially enzymatic in nature. Analysis of concentrated 
supernatants revealed that B. bassiana secretes two kinds of 
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proteolytic enzymes. The one present in largest amount seems 
to be an elastase, the other a chymotrypsin (Grula et al. , 
1984). Conclusive proof for the crucial involvement of 
cutinases during penetration would require several lines of 
evidence; including the presence of cutinase at the site of 
penetration, cutinase-deficient mutants must be avirulent, and 
specific cutinase inhibitors should block the penetration 
step. Other studies conducted on typical insect hosts have 
shown no formation of a swollen, terminal appressorial-like 
structure by B. hassiana (Champlin et al., 1981) . 
In insects, hyphal emergence starts with the onset of 
mummification. Except for some areas of the head capsule, 
most insects infected by B. hassiana show a profound coverage 
of their bodies by the typical white mycelia (white 
muscardine) . Similar to the sporulating behavior of other 
entomopathogens, B. hassiana is known to produce conidia 
within a few days of surface development on the insect. 
Insect larvae within maize tissues succumbed to the fungal 
infection and ultimately produced conidia within the corn 
plant (Bing and Lewis, 1991; 1992a,b). 
Beauveria hassiana is known to possess enzymes which help 
invade insect cuticle. These same enzymes may provide an 
avenue for adhesion and subsequent penetration of the maize 
epidermis in a manner similar to the invasion of insect 
cuticle. Beauveria hassiana seems to possess a general 
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mechanism of identification, adhesion, and penetration into 
both insect and plant surfaces. Nonspecific binding of 
hydrophobic conidia has been examined using insect hosts 
(Boucias et al., 1988). Adhesion assay results showing 
efficient binding with viable and nonviable conidia suggest 
that attachment is passive in nature and does not require the 
synthesis or production of extracellular material. 
In this regard, S. bassiana seems to follow a general 
sequence of adhesion and germination processes when invading 
insects and demonstrates a similar process when invading 
maize. The extremely hydrophobic conidia attach in a 
nonspecific way to the maize waxy cuticle. The conidial 
rodlet layer possesses chemical and physical properties which 
promote this effectual attachment. The resulting germination 
and penetration of hyphae into maize may be a combination of 
several chemical (enzymatic) and physical mechanisms. The 
resulting endophytic relationship between B. bassiana and 
maize provides for a natural means of insect pest suppression 
previously unreported. 
Endophytic Relationship 
Beauveria bassiana has been grouped in the Deuteromycotina 
(often referred to as Fungi Imperfecti) because they are known 
only in a vegetative mycelial form which gives rise only to 
asexual conidia. These fungi are grouped together as a matter 
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of convenience. Many are saprotrophs inhabiting soils rich in 
plant debris. 
There are many cases where interactions and long-lived 
associations occur between fungi and plants, from which each 
appear to derive benefit, e.g. mycorrhizas and lichens. In 
general, there are also interactions which involve the flow of 
nutrients between the associates (Smith and Smith, 1990) 
resulting in increased growth, vigor and survival in the 
environment. Such mutualistic associations may result in 
enhanced suirvival, nutrient acquisition, reproduction and 
growth for the component organisms. Law and Lewis (1983) have 
considered the increased fitness of individuals in 
association, to constitute mutualistic symbiosis. 
The modern term endophyte in mycology refers to fungi 
living almost entirely within apparently healthy plants, 
causing no visible signs of infection (endophytic mutualism). 
A great deal of interest in endophytes has emerged recently, 
with the suggestion that such species may be useful as 
biological control agents against insect pests of grasses 
(Clay, 1986) . There is presently discussion concerning the 
extent to which endophytes are in fact latent pathogens or 
examples of fungi co-evolving with plants from parasitism to 
mutualism (Clay, 1988). 
Beauveria bassiana has been isolated from alfalfa, millet, 
pigweed and velvet leaf (Les Lewis, personal communication). 
These findings suggest B. bassiana as having an endophytic 
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relationship with a wide variety of host plant species, 
similar to it's range as an entomopathogen against a wide 
variety of insects. 
One of the main reasons for increased interest in 
endophytic fungi has been the realization that endophyte 
infections have a marked effect on insect pests. 
Additionally, infected tissues may give rise to toxic effects 
on insects causing poor larvae growth, reduction in 
development and death. Although investigations on endophytic 
associations are limited, the available evidence suggests that 
endophytes have evolved from plant pathogenic fungi. By what 
means B. bassiana has formed an endophytic relationship with 
maize is unknown, but clearly this fungus can successfully 
utilize plants as well as insects as hosts to survive in the 
environment. 
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CHAPTER 5: CONCLUSIONS 
The vibiquitous entomopathogenic fungus Beauveria bassiana 
has been extensively investigated to suppress populations of 
several insect species world-wide including the European corn 
borer for over 60 years. In a study investigating the 
response of inbred maize lines to plant pathogenic fungi, B. 
bassiana was fortuitously isolated from the pith of plants for 
the first time (Vakili, 19 90). Subsequent field studies have 
shown that B. bassiana conidia placed in or on corn plants in 
the vegetative stage developed and persisted for more than 90 
days and remained virrilent to the European corn borer 
throughout the season (Bing and Lewis, 1992, 1993) . Even 
though these field studies demonstrated the potential use of 
this relationship, the manner in which B. bassiana colonizes 
Zea mays was not known. 
The attachment of B. bassiana to arthropod hosts is a 
combination of events shared by other entomopathogens. 
Beauveria bassiana is known to utilize passive hydrophobic 
interactions to attach to insect cuticles (Boucias et al., 
1988). Adhesion of S. bassiana conidia was clearly influenced 
by hydrophobicity. Conidia adhesion increased as substrate 
wettability decreased. In view of the hydrophobic nature of 
many fungal conidia, particularly the airborne types, it is 
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not surprising if this mechanism of attachment were widespread 
on different substrates. 
If hydrophobicity influences adhesion by conidia on 
artificial siibstrates, then it could equally be an important 
factor during attachment on a leaf surface. Reports on the 
wettability of plant leaf surfaces indicate that a broad 
spectrum exists within species and even on different surfaces 
of the same plant. The wettability of leaf surfaces depends 
to a large extent on the structure and composition of 
cuticular waxes (Silva Fernandas, 1965; Holloway, 1969) . 
A complex of specific recognition systems (e.g. 
glycoproteins and enzymes) and nonspecific (e.g. electrostatic 
and hydrophobic) mediate both the physical and chemical 
processes of conidial adhesion between entomopathogenic fungi 
and terrestrial insects (Boucias and Pendland, 1991) . Similar 
recognition systems are known to mediate the infection 
processes between phytopathogenic fungi and plants (Pirozynski 
and Malloch, 1975) . 
Molecules on the phyto- and entomopathogenic fungal 
surface including carbohydrates and glycoproteins have been 
implicated in a number of processes, such as chemotaxis, 
adhesion and infection (Pendland and Boucias, 1986; Pendland 
et al., 1988) . Several investigators have established that B. 
bassiana produces several types of exocellular enzymes during 
adhesion stages to insects, including chitinases, proteases, 
and lipases (Bidochka and Khachatourians, 1990, 1991). Smith 
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et a.1. , (1981) investigated the interaction between B. 
hassiana and H. zea and concluded that the young, gerTninating 
hyphae must produce sequentially a proteinase and a chitinase 
to dissolve the cuticular envelope. These present studies 
indicate that B. bassiana, using both physical and chemical 
means, is well adapted to penetrate host surfaces. 
After inoculation using a foliar spray of B. bassiana 
conidia, germinating hyphae grew randomly across the leaf 
surface. Often a germ tube formed from a conidium elongated 
only a short distance before terminating its growth and 
penetrating the leaf surface. The adhesion and subsequent 
growth and penetration on maize leaves is very similar 
morphologically to the germination and penetration by B. 
bassiana on insect cuticles. Cuticle penetration may be aided 
by the mechanical force exerted by the infection structure, or 
require the enzymatic dissolution of the cuticle or a 
combination of both (Roller, 1991) . 
Studies of plant cuticle showing fungal penetration holes 
exhibiting a physically deformed cuticle with smooth edged 
holes were interpreted as evidence for a combined enzymatic 
dissolution and mechanical mechanism for cuticle degradation 
(Manners and Gay, 1983). The breaching of the maize epidermal 
cuticle by B. bassiana illustrates a similar ultrastructure 
and, therefore, may be considered at least partially enzymatic 
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in nature given the potential for enzymatic expression of this 
funcfus. 
Nutritional studies show B. bassiana is not fastidious 
and can utilize many compounds ranging from glucose to complex 
waxes as carbon energy sources (Smith and Grula, 1981) . Plant 
cells are leaky and many nutrient materials may be present in 
the intercellular spaces, providing rich substrates for 
invading fungi (Isaac, 1992). Concentration of photosynthates 
in the apoplast in plants is probably sufficient to account 
for growth of biotrophic fungi (Hancock and Huisman, 1981) . 
Long hyphal structures were observed to follow the 
apoplast in any direction from the point of penetration. In 
some cases, the hyphae were observed within xylem elements. 
This may explain one way the fungus travels throughout the 
maize plant which ultimately provides overall insecticidal 
protection. Virulence of B. bassiana after colonizing maize 
was tested and it was determined that this fungus did not lose 
any viirulence toward the European corn borer. 
Classification of entomogenous fungi based on 
morphological characteristics requires further knowledge of 
virulence and specificity. Electrophoretic and Immuno­
electrophoresis studies associated with characteristic 
reactions of enzymatic activity are being used to further 
understand the mechanisms involved with host identification, 
adhesion and penetration. 
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This is the first report illustrating the mode of 
penetration by B. bassiana into Z. mays. Understanding this 
unique relationship will be invaluable in further development 
and utilization of such fungi to manage insect pests of food 
plants. This special relationship between an entomopathogenic 
fungus and maize suggests possibilities for biological 
control, including utilization of indigenous fungal inocula as 
"mycoinsecticides." 
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APPENDIX. RAW DATA 
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Minutes Prewash Postwash % Adhesion 
10 21 13 61. 9 
20 31 22 71.0 
30 25 20 80 . 0 
40 16 13 81.2 
50 34 29 85.3 
60 22 19 86.4 
70 24 20 83 .3 
80 29 24 82 .8 
90 27 23 85.2 
Minutes Prewash Postwash % Adhesion 
10 27 16 59.3 
20 31 22 71.0 
30 21 15 71.4 
40 19 15 79.0 
50 23 20 87.0 
60 26 22 84 . 6 
70 19 17 89 . 5 
80 24 20 83 .3 
90 26 22 84.6 
Minutes Prewash Postwash % Adhesion 
10 30 19 63 .3 
20 41 32 78 . 0 
30 28 19 67 . 9 
40 16 13 81.2 
50 34 28 82 .3 
60 36 32 88 . 9 
70 27 25 92 . 6 
80 33 27 81.8 
90 30 24 80 . 0 
10 20 30 40 50 60 70 80 Minutes: 90 
average: 61.5 73.3 73.1 80.5 84.9 86.6 88.5 82.6 83.3 
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Adhesion assay on maize leaves using conidia in solution. 
Minutes Prewash Postwash % Adhesion 
10 13 3 23 , .1 
20 16 11 68. 7 
30 21 8 38 , .9 
40 23 19 82 . 6 
50 19 15 78, ,9 
60 40 31 77. ,5 
70 23 14 60 . 9 
80 32 24 75. 0 
90 26 21 80 .8 
Minutes Prewash Postwash % Adhesion 
10 18 8 44 , .4 
20 28 20 71, .4 
30 15 8 53 . 3 
40 27 23 85. 2 
50 15 11 73 . 3 
60 27 20 74 . 1 
70 26 22 84 . 6 
80 36 28 77. 8 
90 42 34 80 .  9 
Rep 3 : Minutes Prewash Postwash % Adhesion 
10 22 12 54 . 5 
20 30 22 73 . 3 
30 25 19 76 . 0 
40 25 22 88 . 0 
50 13 9 69. ,2 
60 34 28 82 . 3 
70 35 27 77. 1 
80 27 22 81. 5 
90 29 24 82 . 7 
Minutes: 10 20 30 40 50 60 70 80 90 
average: 40.7 71.3 55.8 85.3 73.8 78.0 74.2 78.1 81.5 
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Adhesion assay on polystyrene using aerial conidia. 
Rep 1: 
Rep 2 
Rep 3 : 
Minutes Prewash Postwash % Adhesion 
10 20 12 60.0 
20 35 20 57.1 
30 17 13 76.6 
40 21 15 71.4 
50 43 35 81.4 
60 27 24 88 . 9 
70 28 26 92.8 
80 26 24 92 .3 
90 25 23 92 . 0 
Minutes Prewash Postwash % Adhesion 
10 23 15 65.2 
20 24 19 79.2 
30 25 19 76 . 0 
40 25 17 68 . 0 
50 23 19 82 . 6 
60 24 21 87.5 
70 25 23 92 . 0 
80 26 23 88 . 5 
90 22 20 90 . 0 
Minutes Prewash Postwash % Adhesion 
10 17 10 58 .8 
20 18 10 55 . 5 
30 20 15 75 . 0 
40 19 16 84 .2 
50 19 15 78 . 9 
60 21 19 90 .5 
70 18 16 88 . 9 
80 18 17 94 .4 
90 17 16 94 .1 
Minutes: 10 20 30 40 50 60 70 80 90 
average: 61.3 63.9 75.9 74.5 81.0 89.0 91.2 91.7 92.0 
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Adhesion assay on polystyrene using conidial solution. 
Rep 1: 
Rep 2 : 
Rep 3 : 
Minutes: 
Minutes Prewash Postwash % Adhesion 
10 187 75 40.1 
20 218 88 40.4 
30 336 136 40.5 
40 572 356 62.2 
50 860 472 54 . 9 
60 453 389 85 . 6 
70 513 476 92 . 8 
80 660 613 92 . 9 
90 489 460 94 .1 
Minutes Prewash Postwash % Adhesion 
10 136 70 51.5 
20 118 35 29.7 
30 324 254 78 .4 
40 477 368 77.1 
50 776 400 51.5 
60 448 390 87. 0 
70 501 485 96.8 
80 683 660 96 . 6 
90 548 507 92 . 5 
Minutes Prewash Postwash % Adhesion 
10 107 50 46.7 
20 461 232 50.3 
30 816 440 53 .9 
40 755 580 76.7 
50 684 352 51.5 
60 654 603 92 .2 
70 684 628 91.8 
80 675 627 92 . 9 
90 725 689 95 . 0 
10 20 30 40 50 60 70 80 90 
average: 46.1 40.1 57.6 72.0 52.6 88.3 93.8 94.1 93.7 
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Adhesion assay on polystyrene using conidia solution with the 
addition of 1% Tween 80 . 
Minutes Prewash Postwash % Adhesion 
10 57 9 15 .  8 
20 47 10 21, .3 
30 82 24 29 , .3 
40 56 33 58 . 9 
50 89 66 74 . 1 
60 71 59 83 . 1 
70 73 59 80 . .8 
80 67 53 79 . 1 
90 73 63 86. 3 
Minutes Prewash Postwash % Adhesion 
10 63 8 15 .  8 
20 54 8 21. 3 
30 88 22 29 . 3 
40 75 41 58 . 9 
50 93 72 74 . .1 
60 81 70 83 . 1 
70 92 78 80 . .8 
80 86 70 79. .1 
90 52 44 86. 3 
Minutes Prewash Postwash % Adhesion 
10 59 8 13 . 6 
20 62 13 21. 0 
30 84 18 21. ,4 
40 62 25 40 , .3 
50 75 59 78 . 7 
60 59 47 79. 7 
70 83 69 83 . .1 
80 70 59 84 . . 3 
90 79 64 81. , 0 
Rep 4 Minutes Prewash Postwash % Adhesion 
10 71 11 15.5 
20 53 9 17.0 
30 150 30 20 . 0 
40 84 40 47.6 
50 63 49 77. 8 
60 77 60 77.9 
70 92 75 81.5 
80 69 60 86.9 
90 85 72 84 . 7 
Minutes: 10 20 30 40 50 60 70 80 90 
average: 14.4 18.5 23.9 50.4 77.0 81.8 82.5 82.9 84.1 
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Rep 4 : 
Minutes Prewash Postwash % Adhesion 
10 201 38 18.9 
20 148 48 32 .4 
30 220 93 42.3 
40 240 84 35.0 
50 256 203 79 .3 
60 233 179 76.8 
70 216 188 87.0 
80 276 229 83 .0 
90 267 227 85 . 0 
Minutes Prewash Postwash % Adhesion 
10 211 36 17.1 
20 160 47 29.4 
30 224 89 39.7 
40 244 180 73 .8 
50 277 198 71.5 
60 256 197 76.9 
70 261 216 82 .7 
80 259 225 86 . 9 
90 237 201 84 .8 
Minutes Prewash Postwash % Adhesion 
10 150 15 10 .0 
20 128 32 25.0 
30 192 84 43 .7 
40 228 136 59.6 
50 260 187 71.9 
60 183 150 82 . 0 
70 157 124 79 . 0 
80 221 188 85 .1 
90 199 175 87 . 9 
Minutes Prewash Postwash 0  ^o Adhesion 
10 197 49 24 . 9 
20 168 59 35 .1 
30 224 96 42 .8 
40 216 148 68 .5 
50 284 230 81.0 
60 256 197 76 . 9 
70 273 227 83 .1 
80 247 195 78 . 9 
90 198 160 80 . 8 
Minutes: 10 20 30 40 50 60 70 80 90 
average: 17.7 30.5 42.1 59.2 75.9 78.1 82.9 83.5 84.6 
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Adhesion assay on negatively charged polystyrene using aerial 
conidia. 
Minutes Prewash Postwash % Adhesion 
10 30 5 16.7 
20 26 6 23 .1 
30 29 5 17.2 
40 39 7 17 . 9 
50 21 4 19 . 0 
60 28 5 12 .1 
70 33 4 12 .1 
80 36 6 16.7 
90 29 4 13 . 8 
Rep 2: Minutes Prewash Postwash % Adhesion 
10 20 3 15.0 
20 17 2 11.8 
30 19 2 10 . 5 
40 21 4 19 . 0 
50 17 3 17.6 
60 15 2 13 . 3 
70 17 3 17 . 6 
80 18 3 16 . 7 
90 23 5 21. 7 
Minutes: 10 20 30 40 50 60 70 80 90 
average: 15.8 17.4 13.8 18.4 18.3 12.7 14.8 16.7 17.7 
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Adhesion assay on polystyrene using inhibitors sodium azide 
and cycloheximide. 
0.005% Sodium Azide 
Minutes: 10 20 30 40 50 60 70 80 
Rep 1: 13 . 7 23 .7 40.9 42 .1 69.8 73 .0 87.4 87.4 
Rep 2: 15 .4 20 .6 35.1 37. 9 64.2 71.6 82.6 85.3 
Rep 3 : 12 . 8 23 .1 39.8 40 . 9 65 .3 76.1 80.6 82 . 3 
average: 14 . 0 22 .5 38.6 40 . 3 66.4 73 .6 83 .5 85.0 
0.01% Cycloheximide 
Minutes: 10 20 30 40 50 £0 70 80 
Rep 1: 25.5 29.4 42.8 58.6 61.3 80.5 81.6 83.1 
Rep 2: 21.2 32.4 39.7 62.4 67.5 77.5 81.2 79.0 
Rep 3: 30.9 25.0 43.7 72.1 74 9.72.6 83.7 87.0 
average: 25.8 28.9 42.1 64.4 67.9 76.9 82.2 83.0 
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Adhesion assay on glass using aerial conidia. 
Minutes Prewash Postwash % Adhesion 
10 197 15 7.6 
20 212 36 17.0 
30 160 29 18 .1 
40 74 15 20.3 
50 92 19 20 . 6 
60 121 23 19 . 0 
70 134 31 23 .1 
80 162 32 19 .7 
90 135 28 10 . 7 
Minutes Prewash Postwash % Adhesion 
10 143 10 6.9 
20 152 24 15.8 
30 168 29 17.3 
40 102 19 18 . 6 
50 111 21 18 . 9 
60 132 22 16 . 7 
70 147 28 19 . 0 
80 165 30 18.2 
90 132 28 21.2 
Minutes Prewash Postwash % Adhesion 
10 160 18 11.2 
20 200 33 16 . 5 
30 124 16 12 . 9 
40 80 17 21.2 
50 83 13 15 . 7 
60 150 27 18 . 0 
70 173 36 20 . 2 
80 201 42 20 . 9 
90 168 32 19 . 0 
Rep 4 : Minutes Prewash Postwash % Adhesion 
10 211 17 8 , . 0 
20 216 38 17, .6 
30 168 26 38 . 2 
40 72 14 19, .4 
50 113 19 16 . 8 
60 177 35 19 , .8 
70 157 30 19 , .1 
80 183 38 20 . 8 
90 156 30 19 . 2 
Minutes: 10 20 30 40 50 60 70 80 90 
average: 8.4 16.7 21.6 18.0 18.0 18.4 20.3 19.9 20.0 
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Minutes Prewash Postwash Adhesion 
10 124 0 0.0 
20 117 1 0.8 
30 179 10 5.6 
40 64 11 17.2 
50 136 27 19.8 
60 132 41 20.4 
70 105 19 18 . 1 
80 136 42 30 . 9 
90 141 34 24 .1 
Minutes Prewash Postwash o, "5 Adhesion 
10 264 0 0. 0 
20 224 8 3.6 
30 299 4 1.3 
40 283 51 18 . 0 
50 323 53 16.4 
60 330 48 14 . 5 
70 263 44 16 . 7 
80 317 67 21.1 
90 341 73 21.4 
Minutes Prewash Postwash % Adhesion 
10 420 0 0 .0 
20 440 3 0. 7 
30 401 7 1.5 
40 408 5 1.2 
50 438 13 3.0 
60 418 18 4 . 3 
70 430 82 19.1 
80 418 107 25.5 
90 408 59 14 .4 
10 20 30 40 50 60 70 80 90 
average: 0.0 1.7 2.8 12.1 13.1 13.1 18.0 25.8 20.0 
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Adhesion assay on glass^using conidia solution with the 
addition of 1% Tween 80 . 
Minutes Prewash Postwash % Adhesion 
10 73 6 8.2 
20 84 9 10. 7 
30 100 10 10 . 0 
40 25 4 16.0 
50 56 5 8 . 9 
60 53 11 20 .7 
70 67 9 13 .4 
80 51 13 25 . 5 
90 43 8 18 . 6 
Minutes Prewash Postwash %• Adhesion 
10 56 3 5.4 
20 80 8 1.0 
30 88 4 4.5 
40 36 3 8.3 
50 47 7 14 . 9 
60 73 12 16.4 
70 83 17 20 . 5 
80 72 15 20 . 8 
90 59 16 27.1 
Minutes Prewash Postwash % Adhesion 
10 51 3 5.9 
20 84 5 5.9 
30 78 3 3 . 8 
40 41 7 17.1 
50 68 5 7.3 
60 71 10 14 .1 
70 63 10 15 . 9 
80 78 16 20 . 5 
90 91 21 23 .1 
Rep 4: Minutes Prewash Postwash % Adhesion 
10 61 4 6.6 
20 76 17 22 .4 
30 80 6 7.5 
40 30 5 16.7 
50 59 3 5 .1 
60 69 10 14 . 5 
70 83 15 18 .1 
80 56 14 25 . 0 
90 72 17 23 . 6 
Minutes: 10 20 30 40 50 60 70 80 90 
average: 6.5 10.0 6.4 14.5 9.0 16.4 17.0 22.9 23.1 
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Number of conidia germinating and penetrating maize leaves 
Number of conidia which germinated in 3 days 
Reps: 1 2 3 4 
3 5 6 5 
13 3 3 
3 5 8 2 
3 2 10 7 
2 15 4 
3 8 12 3 
4 10 5 7 
2 5 5 3 
13 3 1 
4 6 7 2 
average:2.6 4.8 6.4 3.7 
Number of penetrating hyphae from above conidia. 
1 2 3 4 
0 0 1 2 
2 0 0 1 
1 1 0 0 
0 2 2 0 
0 0 0 0 
3 2 1 2 
1 0 0 0 
0 1 0 0 
2 2 1 1 
1 0 0 0 
average: 1 0.8 0.5 0.6 
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Mortality of com borer larvae using B. bassiana from 










Rep 1: 4 30 13 .33 3 29 10.34 
8 30 26.67 4 28 14 .29 
5 29 17.24 5 29 17.24 
10 30 33.33 6 30 20.00 
average: 22.6 i
n in 
Rep 2 : 4 29 13 .79 3 27 11.11 
10 29 34 .48 6 29 20.69 
10 27 37.04 4 30 13 .33 
16 27 59.26 10 30 33 .33 
average: 36.1 19 . 6 
Rep 3 : 5 26 19 .23 6 27 22 .22 
10 29 34 .48 7 28 25 . 00 
10 22 45 .45 10 30 33 . 33 
16 25 64.00 6 29 20 . 69 
average: 40.8 25.3 
Rep 4 : 7 30 23 .33 5 30 16 . 66 
1 29 3 .45 2 29 6 . 89 
3 27 11.11 3 28 10 . 71 
4 28 14.29 4 28 14.29 
average: 13 .0 12 .1 
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